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1 . 0  INTRODUCTION 

This report discusses results of a study of instrumen- 

tation techniques suitable for processing signals from a total 

organics experiment. The basic experiment involves pyrolysis 

of a sample having suspected organic constituents and subsequent 

detection of the volatile products by an organics-sensitive 

device, the Flame Ionization Organic Detector (FIOD). The pur- 

pose of this study is to investigate the feasibility and 

adaptability of various signal-processing configurations to the 

FIOD. The report is divided into two major sections. The first 

discusses the investigation of the various methods of performing 

the signal processing. This includes the investigation of vari- 

ous electrometer systems, different ways in which the detector 

background current can be stabilized, various types of integrators, 

and the data handling system. Since the experiment is still in 

the formative stage, minor emphasis was placed on the investi- 

gation of the kind of system supporting functions that would be 

required in a flight model. However, the over-all system oper- 

ation, including a thorough study of the sequencing and data 

requirements of the instrument, was studied because of its impor- 

tance in the selection of some of the basic signal processing 

circuits. 

The second major section compares the different circuits 

studied in the report and describes criteria for the selection 

of certain ones for this instrument. While reliability, weight 

and power are always important considerations in space instru- 

ment design, particular stress is also placed on over-all sim- 

plicity for this application. The reason is that the experi- 

ment is not intended to perform a detailed analysis, but, rather 

to answer the very fundamental question as to whether or not 

there are organics present on the surface of the other planets 

in the solar system. The importance of performing the measure- 

ment reliably cannot be overstressed. An important goal of 

this study, then, is to instrument the experiment with the most 

light-weight, simple and reliable components and circuits possible. 



The instrumentation recommendations are divided into 

two categories, namely: those for a scientific feasibility 

model for the laboratory; and those for a flight model. 

Since the heart of the instrument is the flame detector, 

and, since the design of the signal processing electronics is 

so heavily dependent on the detector's parameters, the study 

has included the design of a flight-type detector: A func- 
tional laboratory version of the flight detector is therefore 

submitted with the final report, which includes a complete 

discussion on its performance. 



2.0 PARAMETRIC STUDY 

The parametric study is principally a compilation of 

parameters important to the experiment. 

The over-all experiment is designed to accept a solid 

sample, pyrolize it and, by means of a hydrogen flame detector, 

determine whether organics are present in the pyrolysis pro- 

ducts. The basis of the experiment is that the hydrogen flame 

detector is sensitive to all but a few select organics and does 

not detect inorganics. 

Since the instrument will see only a single peak if 

organics are present (and no peak if none is pre.sent), a 

retention time measurement is not necessary in the experiment. 

This is perhaps the main basic distinction between this instru- 

ment and a hydrogen-flame gas chromatograph. 

The following is a discussion of the various parameters 

important to the instrument design. 

1) Maximum analysis time. The maximum analysis time is 

important for two basic reasons: 1) it affects the 

gas supplies and electrical power required; and 2) 

it determines the detector background current stability 

requirements. Since the time is expected to be less 

than five minutes, the amount of gas required, and total 

power even for several analyses, is not significant. 

The maximum analysis time of five minutes does not pose 

a problem for the baseline stabilization either; but, 

by placing the expected peak in a window (by actuating 

the signal processing electronics only during the time 

the peak is expected) the stabilization problem is 

simplified, and transients caused by sample injection 

and other system events make the integration problem 

simpler. 



2. The detector's linear dynamic range 

is between and 10 -I3 amperes. 

3. Sensitivity. .The sensitivity, as determined in the 

feasibility model flight detector, is about 10 -12 gm/ s 

4. Flow and pressure dependence. Since the detector is 

both flow and pressure dependent, means were investi- 

gated to minimize the contributions of each to the 

ins trumentl s error. 

5. Baseline characteristics. 

a) Background current. The expected maximum back- 

ground current is about 10 -10 amperes. 

b) Noise level. The shot noise is approximately 

10-l4 A/JHZ for ID = 10-lo A. DC drifts as much 

as 10-lo A from the nominal 10 -I1 A are possible. 

6. System accuracy. The target accuracy for the instru- 

ment is 10%. . 

7. Peak width. The peak width can be anything between 

2 and 20 seconds. It was assumed that once the experi- 

ment was designed the peak would not vary between 2 and 

20 seconds but, rather, would be a particular width 

between 2 and 20 seconds known to within about five 

seconds. 



3.0 ELECTROMETERS 

An i d e a l  d e t e c t o r  and e l e c t r o m e t e r  sys tem f o r  g a s  c h r o -  

matography would p o s s e s s  a l l  o f  t h e  f o l l o w i n g  p r o p e r t i e s :  

1 )  Zero b a s e l i n e  e r r o r  ( c u r r e n t  and v o l t a g e ) ;  

2 )  L i n e a r  o u t p u t ,  p r o p o r t i o n a l  t o  c u r r e n t ,  f o r  r e c o r d -  

i n g  chromatograms and v e r i f y i n g  sys t em o p e r a t i o n ;  

3 )  Output  p r o p o r t i o n a l  t o  c h a r g e ,  t o  e n a b l e  d i r e c t  

r e a d i n g  of  t h e  a r e a s  under  peaks ;  

4 )  Up t o  seven  decades  o f  dynamic r a n g e ;  

5 )  Maximum s e n s i t i v i t y  o f .  a t  l e a s t  10 - I 3  A .  

I n  p r a c t i c e ,  t h e  dynamic r ange  and s e n s i t i v i t y  r e q u i r e d  

a r e  s o  l a r g e  t h a t  no e x i s t i n g  i n s t r u m e n t  meets  a l l  of t h e s e  

r e q u i r e m e n t s  i n  a  t o t a l l y  s a t i s f a c t o r y  way. The d e s i g n  of 

such  an e l e c t r o m e t e r  t h u s  depends r a t h e r  s e n s i t i v e l y  on t h e  

e x a c t  u s e  con templa ted .  The f o l l o w i n g  d i s c u s s i o n  of  v a r i o u s  

k i n d s  of  e l e c t r o m e t e r  sys tems w i l l  i d e n t i f y  t h e  compromises 

made i n  each  sys t em.  Some of t h e  e l e c t r o m e t e r s  t o  b e  d e s c r i b e d  

have  a l r e a d y  been c o n s t r u c t e d ,  t e s t e d  and f lown.  The l i m i t a -  

t i o n s  of t h e s e  sys tems w i l l  be i n d i c a t e d .  The d e t a i l s  of 

d e s i g n  and per formance  a r e  d i s c u s s e d  i n  r e f e r e n c e s  which a r e  

e i t h e r  c i t e d  o r  i n c l u d e d  a s  a p p e n d i c e s .  

Advances i n  components and i n  d e s i g n  c o n c e p t s  have made 

f e a s i b l e  t h e  development  of  new k i n d s  of e l e c t r o m e t e r  s y s t e m s .  

The per formance  l i m i t a t i o n s  and g e n e r a l  o r g a n i z a t i o n  o f  s u c h  

newer sys t ems  w i l l  be  d i s c u s s e d  i n  d e t a i l ,  



The discussion in the immediately following paragraphs 

will be limited to problems of the electrometer amplifier 

design. A specific recommendation of an experimental system, 
based on the relation of the following discussion to the 

needs of the proposed experiment, will be made in a later 

section. 

3.1 Direct-Coupled Electrometers 

The conventional direct-coupled electrometer measures 

the voltage developed across a resistor by the current to be 

measured. To minimize the effects of amplifier gain drifts 

and the total leakage resistance and capacitance at the input, 

such an electrometer is ordinarily operated in the inverting 

feedback configuration shown in Figure 3.1-1. 

amplifier reference input 
v 

Figure 3.1-1 - Direct-Coupled Electrometer 

In this diagram, 

i = signal current to be measured. 
S 

i n = noise or offset current, including detector and 
amplifier leakage. 

3.1-1 



vn = n o i s e  o r  o f f s e t  v o l t a g e .  

Ro = p a r a l l e l  combinat ion  o f  s o u r c e  and a m p l i f i e r  
i n p u t  impedances.  

Co = s o u r c e  c a p a c i t a n c e .  

Rf = t o t a l  c a p a c i t a n c e  i n  p a r a l l e l  w i t h  R f .  

I f  t h e  a m p l i f i e r  g a i n  f u n c t i o n  can  be approx ima ted  a s  

v - v +  = M(v+-v-)  (3 .1 -1 )  

t h e  c l o s e d - l o o p  t r a n s f e r  f u n c t i o n  becomes 

where p  i s  t h e  Lap lace  t r a n s f o r m  o p e r a t o r .  

I f  t h e  a m p l i f i e r  g a i n  i s  much l a r g e r  t h a n  R f / R o  and  t h e n  

i f  t h e  n o i s e  can  be n e g l e c t e d ,  t h e  cutput  i s  g i v e n  by t h e  i n f i n i t e -  

g a i n  a p p r o x i m a t i o n :  

The minimum v a l u e  of Cf  i s  t y p i c a l l y  0 . 1  pF,  s o  t h a t  t h e  
1 2  t ime  c o n s t a n t ,  RfCf,  can  be  l o n g .  (For  Rf  = 10 n, R f C f  1 0 . 1  s e c . )  



The h i g h - f r e q u e n c y  v o l t a g e  n o i s e  c a n  b e  q u i t e  l a r g e ,  

s i n c e  a t  h i g h e r  f r e q u e n c i e s  o n l y  t h e  c a p a c i t a t i v e  e l e m e n t s  a r e  

i m p o r t a n t ,  s o  t h a t  t h e  rms o u t p u t  i s  

which i s  n o r m a l l y  much l a r g e r  t h a n  vn ( t h e  r a t i o  C o / C f  i s  t y p i -  

c a l l y  100 t o  1 0 0 0 ) .  

F i l t e r i n g  i s  o r d i n a r i l y  p r o v i d e d  t o  remove t h e  n o i s e  a t  

f r e q u e n c i e s  h i g h e r  t h a n  t h e  maximum f r e q u e n c y ,  w = l / R f C f ,  

t h a t  t h e  e l e c t r o m e t e r  p a s s e s .  

T h i s  a n a l y s i s  shows t h a t  t h e  f o l l o w i n g  c o n s i d e r a t i o n s  a r e  

i m p o r t a n t  i n  t h e  d e s i g n  o f  a n  e l e c t r o m e t e r :  

1 )  'I'he v a l u e  o f  d e t e c t o r  o r  a m p l i f i e r  l e a k a g e  c u r r e n t .  

2 )  The v o l t a g e  n o i s e  o f  t h e  a m p l i f i e r  ( o r  d e t e c t o r ) .  

3 )  The v a l u e  o f  t h e  s o u r c e  c a p a c i t a n c e ,  i n c l u d i n g  t h e  

c a p a c i t a n c e  o f  t h e  d e t e c t o r ,  i t s  l e a d s ,  a n d  t h e  i n p u t  

c a p a c i t a n c e  o f  t h e  a m p l i f i e r .  

4 )  The ohmic s o u r c e  impedance Ro s h o u l d  b e  a t  l e a s t  

comparab l e  t o  t h e  f e e d b a c k  r e s i s t a n c e  R f .  

The s e l e c t i o n  o f  t h e  d e t e c t o r  a n d  t h e  d e v i c e  u s e d  f o r  t h e  

f i r s t  s t a g e  o f  t h e  a m p l i f i e r  i s  d e t e r m i n e d  l a r g e l y ,  b u t  n o t  

e n t i r e l y ,  by t h e s e  c o n s i d e r a t i o n s .  P a r t i c u l a r l y  i n  a  s p a c e  

i n s t r u m e n t ,  t h e  s e l e c t i o n  of t h e  d e v i c e s  mus t  a l s o  be  c o n s i s t e n t  



w i t h  t h e  r e q u i r e m e n t s  of  low power consumption,  h i g h  r e l i -  

a b i l i t y ,  and freedom from u n p r e d i c t a b l e  d r i f t s  r e q u i r i n g  com- 

p l e x  a d j u s t m e n t  o r  c a l i b r a t i o n  schemes. Designs s a t i s f y i n g  

t h e  c o n s t r a i n t s  imposed by t h e  s p a c e  envi ronment  w i l l  p e r f o r m  

s u p e r b l y  i n  t h e  l a b o r a t o r y .  

O r d i n a r i l y ,  a  d i r e c t - c o u p l e d  a m p l i f i e r  of  t h e  type shown 

i n  F i g u r e  3 . 1 - 1  can  be e x p e c t e d  t o  pe r fo rm w e l l  o v e r  up t o  

t h r e e  decades  o f  dynamic r a n g e .  To e x t e n d  t h e  r a n g e ,  i t  i s  

n e c e s s a r y  t o  change t h e  g a i n  of  t h e  sys t em.  I n  a  d i r e c t -  

coup led  s y s t e m ,  such  a  g a i n  change can  be  accompl ished  by 

s w i t c h i n g  f e e d b a c k  r e s i s t o r s .  Low-leakage r e e d  s w i t c h e s  have 

k 3   he p r e s e n c e  of  t h e  s w i t c h e s  been found t o  be s u i t a b l  . 
i n c r e a s e s  t h e  f eedback  c a p a c i t a n c e ;  and hence t h e  r e s p o n s e  

t i m e .  Such r a n g e - s w i t c h i n g  schemes a r e  d i s c u s s e d  i n  S e c t i o n  

5 . 1 .  

I n  t h e  u s u a l  a p p l i c a t i o n ,  t h e  d e t e c t o r  and a m p l i f i e r  i n -  

p u t  l e a k a g e  c u r r e n t s  g r e a t l y  exceed  t h e  s m a l l e s t  v a r i a t i o n  t o  

be measured.  To o b t a i n  an o n - s c a l e  r e a d i n g , t h e  b a s e l i n e  c u r -  

r e n t  must  be  measured and s u b t r a c t e d  a t  t h e  i n p u t .  Techniques  

f o r  pe r fo rming  t h i s  f u n c t i o n  a r e  d i s c u s s e d  i n  S e c t i o n  6 .  

To  a v e r a p e  t.he c u r r e n t  ove r  a  p e r i o d  of  t i m e ,  o r  t o  

measure t h e  t o t a l  c h a r g e  d e l i v e r e d  t o  t h e  i n p u t ,  i t  i s  u s e -  

f u l  t o  c o n n e c t  a n  e l e c t r o m e t e r  a s  an i n t e g r a t o r ,  by i n c r e a s i n g  

t h e  f eedback  c a p a c i t a n c e ,  C f .  The f eedback  r e s i s t a n c e ,  R f ,  

may be o m i t t e d ,  b u t  i s  s t i l l  p r e s e n t  i n  t h e  form o f  t h e  capa -  

c i t o r  l e a k a g e .  The form o f  t h e  t r a n s f e r  f u n c t i o n  i s  s t i l l  

t h e  same, b u t  i t  i s  c o n v e n i e n t  t o  r e w r i t e  Equa t ion  3 . 1 - 2  by 

( 3 1 - 1 )  J .  H .  M a r s h a l l ,  37-14 ,  Vol .  V I ,  
pp 38-40 .  



d i v i d i n g  t h e  n u m e r a t o r  and d e n o m i n a t o r  by R f / R o :  

I n  t h e  l i m i t  of  l a r g e  a m p l i f i e r  g a i n  a n d  s m a l l  v a l u e s  of 

R o / R f  and  C o / C f ,  t h e  o u t p u t  v o l t a g e  becomes 

w i t h  an e f f e c t i v e  i n t e g r a t i o n  t i m e  c o n s t a n t  r = M R o C f .  H igh-  

f r e q u e n c y  c u r r e n t  n o i s e  i s  f i l t e r e d  o u t ,  w h i l e  h i g h - f r e q u e n c y  

v o l t a g e  n o i s e  i s  t r . a n s m i t t e d  w i t h o u t  a m p l i f i c a t i o n .  Low-f re -  

quency  n o i s e  i s  a m p l i f i e d  by t h e  r e c i p r o c a l  o f  t h e  f r e q u e n c y .  

I n  p a r t i c u l a r ,  c u r r e n t  o f f s e t  e r r o r s  c a u s e  a  l i n e a r l y  

i n c r e a s i n g  o u t p u t  ( z e r o  d r i f t ) .  E q u a t i o n  ( 3 . 1 - 6  shows t h a t  a  

v o l t a g e  o f f s e t  a l s o  p r o d u c e s  an e f f e c t i v e  c u r r e n t  o f f s e t  v,/Ro 

i f  t h e  s o u r c e  impedance Ro i s  f i n i t e .  

Because  o f  t h e  e x i s t e n c e  o f  l o w - f r e q u e n c y  f l i c k e r  n o i s e  

( a l s o  c a l l e d  l / f ,  o r  c u r r e n t  n o i s e ) ,  w i t h  a  power d e n s i t y  i n c r e a s -  

i n g  w i t h  t h e  r e c i p r o c a l  of  t h e  f r e q u e n c y ,  t h e  u s e  o f  an  i n p u t  

i n t e g r a t o r  does  n o t  n e c e s s a r i l y  r e s u l t  i n  b e t t e r  n o i s e  p e r f o r -  

mance.  Electrometer t u b e s ,  l a r g e - v a l u e  r e s i s t o r s ,  and  i n s u -  

l a t e d - g a t e  f i e l d  e f f e c t  t r a n s i s t o r s  e x h i b i t  l a r g e  f l i c k e r  n o i s e  

e f f e c t s .  C a r r i e r  s y s t e m s  o p e r a t i n g  a t  a  f r e q u e n c y  a t  which  

f l i c k e r  n o i s e  i s  n e g l i g i b l e  o r d i n a r i l y  p r o v i d e  s u p e r i o r  n o i s e  



performance  w i t h  t h e  same i n p u t  d e v i c e s  and f eedback  e l e m e n t s .  

3 . 1 . 1  Vacuum Tube I n p u t  

Most e x i s t i n g  l a b o r a t o r y  sys t ems  have r e l i e d  on 

t h e  well-known e l e c t r o m e t e r  t u b e  t o  o b t a i n  a  h i g h  'impedance and 

low l e a k a g e  c u r r e n t  a t  t h e  i n p u t  of t h e  e l e c t r o m e t e r .  A t y p i -  

c a l  modern e l e c t r o m e t e r  t u b e  ( C K - 5 8 7 )  has  t h e  f o l l o w i n g  p a r a -  

m e t e r s  a t  t h e  nominal  o p e r a t i n g  p o i n t :  

O f f s e t  ( c o n t r o l  g r i d )  c u r r e n t  (nominal )  3  x  10 -15 A 

O f f s e t  v o l t a g e  - 2  V 

O f f s e t  s t a b i l i t y ,  long  term e s t i m a t e  100 mV 

Transconduc tance  1 4  pA/V 

I n p u t  impedance 1 1015 n 

Power consumption ( i n c l u d e s  f i l a m e n t )  7 mW 

A l l  of t h e s e  p a r a m e t e r s  a r e  s u b j e c t  t o  r a p i d  and even c a t a s t r o -  

p h i c  changes  a s  a  r e s u l t  o f  t u b e  a g i n g ,  c a t h o d e  p o i s o n i n g ,  

m i c r o p h o n i c s ,  e x t e r n a l  shock,  and v i b r a t i o n ,  i n  a  manner c h a r a c -  

t e r i s t i c  of  a l l  vacuum t u b e s .  

A NASA-funded e f f o r t  t o  improve t h e  h a r a c t e r i s t i c s  
&3.1.1-1A A 

of t h e s e  t u b e s  i s  i n  p r o g r e  s  . t p r e s e n t ,  an  e l e c t r o m e t e r  

tube  f u l l y  q u a l i f i e d  f o r  t h e  s p a c e  envi ronment  does n o t  a p p e a r  

t o  be a v a i l a b l e .  

( 3 . 1 . 1 - 1 )  
e  

F l i g h t  C e n t e r ,  G r e e n b e l t ,  Maryland,  Oc tobe r ,  1 9 6 5 .  



Two p a r t i c u l a r  e l e c t r i c a l  d e f i c i e n c i e s  of  e x i s t i n g  

e l e c t r o m e t e r  t u b e s  make them u n a t t r a c t i v e  f o r  new i n s t r u m e n t  

d e s i g n .  F i r s t ,  t h e i r  a b s o l u t e  v o l t a g e  o f f s e t  i s  i n c o n v e n i e n t l y  

l a r g e  and u n s t a b l e .  lwo s i m i l a r  d e v i c e s  may be used  i n  a d i f -  

f e r e n t i a l  c o n f i g u r a t i o n ,  b u t  good t r a c k i n g  of  two d i f f e r e n t  

t u b e s  w i t h  d i f f e r e n t  c a t h o d e s  i n  d i f f e r e n t  e n v e l o p e s  canno t  be 

e x p e c t e d .  Fur.thermore, e l e c t r o m e t e r  t u b e s  p o s s e s s  e x t r e m e l y  

low g a i n  ( t r a n s c o n d u c t a n c e ) .  The low v a l u e  of  t h e  t r a n s c o n d u c -  

t a n c e  , gm, i s  r e f l e c t e d  i n  a  h i g h  v a l u e  o f  t h e  e q u i v a l e n t  
n o i s e  r e s i s t a n c e ,  

2 . 5  
Rn - - ( t r i o d e )  

g  m 

The c o r r e s p o n d i n g  n o i s e  v o l t a g e  p e r  u n i t  bandwidth i s ,  f o r  t h e  

d e v i c e  ment ioned  

Hence, a l t h o u g h  t h e  a c t u a l  t h e r m a l  n o i s e  per formance  of e l e c -  

t r o m e t e r  t u b e s  i s ,  i n  f a c t ,  c l o s e  t o  t h e  t h e o r e t i c a l l y  e x p e c t e d  

v a l u e ,  t h e  a b s o l u t e  v a l u e  of t h e  v o l t a g e  n o i s e  r e f e r r e d  t o  t h e  

i n p u t  i s  q u i t e  l a r g e .  Fur the rmore ,  t h e  g a i n  i n  a  t y p i c a l  c i r -  

c u i t  i s  u s u a l l y  n o t  h i g h  enough t o  e l i m i n a t e  c o n t r i b u t i o n  from 

n o i s e  i n  t h e  f o l l o w i n g  a m p l i f i e r  s t a g e .  

These c o n s i d e r a t i o n s ,  a s  w e l l  a s  some t e d i o u s  

e x p e r i e n c e s  w i t h  e l e c t r o m e t e r  t u b e s  i n  t h e  b lar iner  I1 program, 

l e a d  us  t o  conclude  t h a t  e l e c t r o m e t e r  t u b e s  a r e  n o t  d e s i r a b l e  

a s  l o w - c u r r e n t  d e t e c t o r s  i n  space  a p p l i c a t i o n s .  The d i s c u s s i o n  

i n  t h e  n e x t  s e c t i o n  shows t h a t  t h e  per formance  of i n s u l a t e d -  

g a t e  f i e l d - e f f e c t  t r a n s i s t o r s ,  w h i l e  c a p a b l e  of much improvement,  

3 . 1 - 7  



i s  now c o m p e t i t i v e  w i t h  t h a t  o f  e l e c t r o m e t e r  t u b e s .  We do 

n o t  e x p e c t  t h e  t r e n d  i n  f a v o r  o f  s o l i d - s t a t e  d e v i c e s  t o  be 

r e v e r s e d ,  s o  t h a t  t h e r e  seems t o  be  no . r eason  t o  c o n s i d e r  

f u r t h e r  t h e  u s e  o f  a n  e l e c t r o m e t e r  t u b e  i n  a  p r o j e c t  w i t h  

s e v e r a l  y e a r s  o f  l e a d  t ime  e x c e p t  pe rhaps  a s  a  temporary  

l a b o r a t o r y  e x p e d i e n t .  

3 .1 .2  F i e l d  E f f e c t  T r a n s i s t o r  I n p u t  

The u n i p o l a r  f i e l d  e f f e c t  t r a n s i s t o r  (FET) i s  a  

v o l t a g e - o p e r a t e d  d e v i c e  whose c h a r a c t e r i s t i c s  and  mode o f  

o p e r a t i o n  b e a r  many s i m i l a r i t i e s  t o  t h o s e  o f  a  vacuum t u b e .  

The r e s i s t a n c e  o f  a  semiconduc to r  c h a n n e l ,  e i t h e r  N t y p e  o r  P  
t y p e ,  i s  modula ted  by a p p l y i n g  a  v o l t a g e  t o  t h e  s o - c a l l e d  

g a t e  t e r m i n a l ,  ana logous  t o  t h e  c o n t r o l  g r i d  o f  a  vacuum t u b e .  

The e l e c t r i c  f i e l d  of  t h e  g a t e  p roduces  a  d e p l e -  

t i o n  l a y e r  which d e c r e a s e s  t h e  t o t a l  r e s i s t a n c e  by na r rowing  

t h e  c h a n n e l .  The g a t e  may be  s imply  a  b a c k - b i a s e d  d i o d e  ( j u n c -  

t i o n  f i e l d  e f f e c t )  o r  an  i n s u l a t e d  e l e c t r o d e  ( i n s u l a t e d - g a t e  

f i e l d  e f f e c t ,  o r  IGFET). P r e s e n t l y  a t t a i n a b l e  g a t e  l e a k a g e  

c u r r e n t s  a r e  t y p i c a l l y  10 A i n  a  j u n c t i o n  FET, and 10 -13  

i n  an IGFET. There  a r e  d a t a  (3*1fi$i ik~ i n d i c a t e  t h a t  a  p a r t i -  

c u l a r  t y p e  o f  IGFET (2N3796) can  be o p e r a t e d  a t  a  p o i n t  a t  

which t h e  g a t e  l e a k a g e  i s  on ly  abou t  10 - I 5  A .  T h i s  e f f e c t  

depends on t h e  c a n c e l l a t i o n  of  two l eakage  c u r r e n t  components,  

l i k e  t h e  s i m i l a r  c a n c e l l a t i o n  which o c c u r s  i n  an e l e c t r o m e t e r  

t u b e  a t  t h e  s o - c a l l e d  c r o s s - o v e r  p o i n t .  The i n s u l a t e d - g a t e  

t y p e  i s  c l e a r l y  more s u i t a b l e  f o r  e l e c t r o m e t e r  a p p l i c a t i o n s ,  

b u t  has  n o t  been developed t o  t h e  same d e g r e e  a s  t h e  j u n c t i o n  

t y p e  

- 

(3 .1 .2 -11  E .  J .  Kennedy "Gate Leakage C u r r e n t  i n  MOS F i e l d  E f f e c t  
I l T r a n s i s t o r s ,  P roceed ings  of IEEE, p  109A, Augus t ,  1966.  



The d e s i g n  o f  any dc a m p l i f i e r  i s  g r e a t l y  f a c i l i -  

t a t e d  by t h e  u s e  of  two s i m i l a r  d e v i c e s  i n  a  d i f f e r e n t i a l  

c o n f i g u r a t i o n .  The d e v i c e s  s h o u l d  p r e f e r a b l y  be mounted n o t  

on ly  i n  t h e  same can  b u t  on t h e  same s u b s t r a t e .  S t i l l ,  i f  

c a r e  i s  t a k e n  t o  p r o v i d e  a  common h e a t  s i n k  f o r  two matched 

b u t  s e p a r a t e l y  packaged d e v i c e s ,  per formance  approach ing  t h a t  

a t t a i n e d  by a  s i n g l e - p a c k a g e  can  be a t t a i n e d .  J u n c t i o n  FET 

p a i r s  w i t h  a b s o l u t e  o f f s e t s  of  a  few m i l l i v o l t s  and v o l t a g e  

o f f s e t  t e m p e r a t u r e  d r i f t s  of 10 p V / O C  a r e  commerc ia l ly  a v a i l -  

a b l e .  A t  t h e  p r e s e n t  t ime on ly  one d i f f e r e n t i a l  IGFET i s  

a v a i l a b l e ,  a  P -channe l  d e v i c e  (2N3609) manufac tu red  by Genera l  

M i c r o e l e c t r o n i c s  ( P h i l c o ) .  T h i s  d e v i c e ,  which h a s  been a v a i l -  

a b l e  f o r  a b o u t  two y e a r s ,  has  t h e  f o l l o w i n g  p a r a m e t e r s  a t  t h e  

recommended c p e r a t i n g  p o i n t :  

O f f s e t  c u r r e n t  < 1 0 - l ~  A 

O f f s e t  v o l t a g e  50 mV 

O f f s e t  s t a b i l i t y  ( long  term e s t i m a t e )  50 mV 

O f f s e t  v o l t a g e  (temp. c o e f f i c i e n t )  0 . 1  m V / O C  

T ransconduc tance  250 PA/V 

I n p u t  impedance 2 n 

Power consumption 3 mW 

The o f f s e t  v o l t a g e  of  a  g i v e n  d e v i c e  e x h i b i t s  h y s t e r e s i s  

e f f e c t s  under  t e m p e r a t u r e  c y c l i n g ,  and s e v e r e  f l i c k e r  n o i s e ,  

of  magni tude  100 U V  ( f o / f ) 4 / ~ 9  where f o  = 1 H z .  T h i s  v a l u e  



i s  u n a c c e p t a b l y  h i g h  f o r  some a p p l i c a t i o n s .  F l i c k e r  n o i s e  

u s u a l l y  r e s u l t s  from i n a d e q u a t e  t r e a t m e n t  o f  s u r f a c e  l a y e r s ,  

and i n  i n s u l a t e d - g a t e  FET's i s  p r o b a b l y  caused  by i m p u r i t i e s  

i n  t h e  s i l i c o n  d i o x i d e  i n s u l a t i n g  I a y e r  a t  t h e  g a t e ,  o r  by 

i n a d e q u a t e  t e c h n i q u e s  i n  p roduc ing  i t .  

E l e c t r o m e t e r s  u s i n g  t h i s  d e v i c e  a s  an i n p u t  s t a g e  

have been c o n s t r u c t e d  and t e s t e d  by ATC s t a f f  members. An 
(3 .1 .2 -2 )  

' i n s t r u m e n t  u s i n g  t h e  d e v i c e  h a s  been f lown i n  a  sound ing  r o c k e t  

The d o u b l e - d i f f e r e n t i a l  c o n f i g u r a t i o n  shown i n  F i g u r e  3 * 1 . 2 - 1  
was used  i n  each  i n s t a n c e .  I n  t h i s  c o n f i g u r a t i o n t h e  d i f f e r e n -  
t i a l  e l e c t r o m e t e r  s t a g e  i s  f o l l o w e d  by a  d i f f e r e n t i a l  p a i r  of  

b i p o l a r  t r a n s i s t o r s  and an  e m i t t e r  f o l l o w e r  s t a g e ,  which may 

be complementary a s  shown. The advan tages  o f  t h i s  c o n f i g u r a t i o n  

a r e  s i m p l e  b i a s i n g ,  h i g h  common-mode r e j e c t i o n ,  and e x c e l l e n t  

z e r o  s t a b i l i t y  compared t o  t h e  o r d i n a r y  s i n g l e - e n d e d  a r r a n g e -  

ment .  The d i s a d v a n t a  e i s  i n c r e a s e d  r e f e r e n c e  n o i s e  p-oduced by 
8 3 . 1 . 2 - 3 )  

t h e  second t r a n s i s t o r .  Because of  t h e  r e l a t i v e l y  poor  v o l t a g e  

g a i n  and ma tch ing  of  t h e  FET s t a g e ,  t h e  second s t a g e  s h o u l d  be 

a  matched p a i r  o f  h i g h - g a i n  t r a n s i s t o r s ,  which a r e  commonly 

a v a i l a b l e .  The n o i s e  o u t p u t  of  t h e  c i r c u i t  shown i n  F i g u r e  

3 .1 .2 -1  h a s  been measured u s i n g  a  1012 ohm feedback  r e s i s t o r .  

The t o t a l  broadband n o i s e  obse rved  a t  t h e  o u t p u t  was 2 mV rms, 

c o r r e s p o n d i n g  t o  2 x  10 - I 5  A r e f e r r e d  t o  t h e  i n p u t .  The n o i s e  

s o u r c e s  i n c l u d e  30 n ~ / m  of  midband n o i s e ,  l / f  n o i s e  below 

100 H z ,  s econd  s t a g e  n o i s e ,  and f eedback  r e s i s t o r  n o i s e .  A t  

t h e  recommended o p e r a t i n g  p o i n t ,  t h e  t h e o r e t i c a l  v o l t a g e  n o i s e  

i s  t h a t  o f  a  r e s i s t o r  o f  magni tude  

0.8 

( 3 . 1 - 2 - 2 )  R ,  A ,  Emer l ing ,  J .  H ,  M u l l i n s ,  J .  Van P u t t e n ,  J .  0 .  Maloy, 
and  H .  6 .  Bartholomew, "Rocket Gamma Scanning of N u c l e a r  
B u r s t s , "  IEEE T r a n s a c t i o n s  on Nuclear  S c i e n c e ,  Vol .  NS-13, 
No. 1, p 

( 3 . 1 . 2 - 3 )  R .  D .  Middlebrook,  , J o h n  Wiley 6 
Sons ,  New York, 1963 
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o r  a b o u t  10 nv /&,  a l l o w i n g  f o r  t h e  c o n t r i b u t i o n  of b o t h  i n p u t  

t r a n s i s t o r s .  An i d e a l  feedback r e s i s t o r  c o n t r i b u t e s  a  t h e r m a l  

n o i s e  c u r r e n t  

U n f o r t u n a t e l y ,  r e s i s t o r s  i n  t h e  h i g h  megohm range  a r e  f a r  from 

i d e a l  i n  t h e i r  n o i s e  per formance .  

ATC e x p e r i e n c e  t h u s  i n d i c a t e s  t h a t  t h e  measured 

per formance  o f  IGFET d e v i c e s ,  i n  p a r t i c u l a r  t h e  2N3609 i n  a  

comple te  e l e c t r o m e t e r ,  i s  now comparable  t o  o r  even  s u p e r i o r  

t o  t h e  t h e o r e t i c a l  per formance  of  t h e  b e s t  e l e c t r o m e t e r  t u b e  

a l o n e ,  a l t h o u g h  t h e  measured per formance  i s  s t i l l  a b o u t  a  f a c -  

t o r  o f  3 ,  o r  10 db,  worse t h a n  t h e  t h e o r e t i c a l l y  e x p e c t e d  

v a l u e .  Newer d e v i c e s  s h o u l d  show improvements.  

The ATC s t a f f  f e e l s  t h a t  t h e  2N3609 d e v i c e  i s  

s a t i s f a c t o r y  f o r  some l a b o r a t o r y  u s e s  and s h o r t - t e r m  s p a c e  a p p l i -  

c a t i o n s  ( sounding  r o c k e t  o r  b a l l o o n  f l i g h t s ) .  I n f o r m a l  r e p o r t s  

of  d i f f i c u l t i e s  w i t h  t h i s  and s i m i l a r  IGFET d e v i c e s  may b e  based  

on i n a d e q u a t e  d a t a  t a k e n  on i n a d e q u a t e l y  d e s i g n e d  c i r c u i t s .  For  

example,  i t  seems r e a s o n a b l y  c l e a r  t h a t  r e p o r t s  o f  t h e  f r a g i l -  

i t y  o f  t h e  d e v i c e s  a r e  i n  f a c t  r e p o r t s  of  t h e  f a i l u r e s  of impro- 

p e r l y  p r o t e c t e d  c i r c u i t s ,  s i n c e  much of  t h e  ATC e x p e r i e n c e  i s  

b a s e d  on t h e  per formance  o f  a  h i g h - v o l t a g e  p r o b e  u s e d  d a i l y  
I 

i n  t h e  l a b o r a t o r y .  Befo re  such  a  d e v i c e  i s  used  i n  a  deep-  

s p a c e  a p p l i c a t i o n ,  a  c a r e f u l  program t o  improve and q u a l i f y  

t h e  d e v i c e  s h o u l d  be u n d e r t a k e n .  I n i t i a t i o n  of  s u c h  a  program 
( 3 . 1 . 1 - 1 )  

has  been recommended w i t h i n  NASA 

( 3 . 1 . 1 - 1 )  L O C   it 3 .1 -11  



J u n c t i o n  f i e l d  e f f e c t  t r a n s i s t o r s  p o s s e s s  l a r g e r  

i n p u t  o f f s e t  c u r r e n t s  t h a n  i n s u l a t e d  g a t e  t y p e s ,  b u t  a t  p r e -  

s e n t  e x h i b i t  markedly  s u p e r i o r  n o i s e  per formance .  Advanced 

t y p e s  c u r r e n t l y  commerc ia l ly  a v a i l a b l e ,  which can  presumably  

be packaged i n  d i f f e r e n t i a l  c o n f i g u r a t i o n s ,  have t h e  f o l l o w i n g  

p a r a m e t e r s :  

O f f s e t  c u r r e n t  

O f f s e t  v o l t a g e  
( d i f f e r e n t i a l  c o n f i g u r a t i o n )  

Offset v o l t a g e  (temp. c o e f f .  ) 
( d i f f e r e n t i a l  c o n f i g u r a t i o n )  

10 mV ( e s t i m a t e )  

10 v V / O C  ( e s t i m a t e )  

Transconduc tance  300 u A / V  

Power consumption i n  t y p i c a l  
a p p l i c a t i o n  

The n o i s e  v o l t a g e  produced by such  a  d e v i c e  s h o u l d  be  

r e l a t i v e l y  c l o s e  t o  t h e  t h e o r e t i c a l  v a l u e  of  5 n ~ / m  F l i c k e r  

n o i s e  i n  s u c h  d e v i c e s  i s  f o r  lower  t h a n  t h a t  i n  e x i s t i n g  IGFET 

d e v i c e s .  

For t h e  s p e c i f i c  d e v i c e  (2N4119A) on which t h e  above num- 

b e r s  a r e  b a s e d ,  t h e  m a n u f a c t u r e r  q u o t e s  t h e  f o l l o w i n g  t y p i c a l  

n o i s e  v o l t a g e s  p e r  r o o t  H e r t z  v s .  f r e q u e n c y :  

E q u i v a l e n t  Noise V o l t a g e  
Frequency Noise R e s i s t a n c e  nV/ n' 

1 Hz 

1 0 0  Hz 

1 KHz 

100 KHz 



The value at 1 Hz is an extrapolation based on a l/f variation 

of the noise power density, which themanufacturer states is 

approximately the correct low down to frequencies of order 

1 Hz. The voltage noise at 1 Hz is thus almost three orders 
of magnitude smaller than that of the 2N3609 IGFET. Then com- 

parisons are based on typical experiences and are not necessar 

ily representative of the best that can be done with either 

device. 

3.2 Carrier Electrometers 

The effects of amplifier offset and drift may be elimin- 

ated if the source current is modulated to produce an ac signal 

which is amplified and subsequently synchronously detected and 

compared with the input. Flicker noise from the input ampli- 

fier may also be eliminated. ATC personnel have designed suc- 

cessful flight systems of this type. Two techniques have been 

used: modulation of the input capacitance of the amplifier, 

and modulation of the detector power supply. These techniques 

will be discussed in turn. 

3.2.1 Dynamic Capacitor Electrometer 

ATC staff members were the first to harden a dy- 

namic capacitor electrometer into a flightworthy desi n and (!?. 2. lil) 
demonstrate its effectiveness in space applications. 

large portion of the electrometer technology developed for those 

missions can be applied to the development of a gas chromato- 

graph. A new design would, of course, contain many modifica- 

tions and improvements compared to the device described in 

Reference 6. 

(3 .2 .1 . -1)  C. S. Josias and J. L. Lawrence, Jr., "An Electrometer for 
Use in Scientific Space Instruments," IEEE Transactions on 
Nuclear Science, October, 1966. 



For example,  t h e  c a r r i e r  a m p l i f i e r  s h o u l d  u s e  a  

f i e l d - e f f e c t  t r a n s i s t o r ,  t h e r e b y  improving n o i s e  per formance  

and r e d u c i n g  c i r c u i t  c o m p l e x i t y .  Feedback w i l l  be l i n e a r  ( r e -  

s i s t i v e ) .  (A/D c o n v e r s i o n  may be l o g a r i t h m i c  i f  d e s i r e d . )  

The r e v e r s e  was t h e  c a s e  i n  t h e  Mar ine r  I1 S o l a r  Plasma e x p e r i -  

ment. The s t a b i l i t y  of  t h e  Mar iner  e l e c t r o m e t e r  a m p l i f i e r  was 

masked by t h e  t h e r m a l  and t empora l  d r i f t  o f  t h e  vacuum-tube 

l o g - d i o d e .  

Newer dynamic c a p a c i t o r  modu la to r s  a r e  a v a i l a b l e  

which a r e  l i g h t e r ,  consume l e s s  power, a n d q e r a t e  a t  h i g h e r  

f r e q u e n c i e s .  Two such  d e v i c e s  have been s t u d i e d  by ATC: 

(1)  a  p i e z o - e l e c t r i c a l l y  d r i v e n  t u n i n g - f o r k  u n i t ;  and ( 2 )  an 

e l e c t r o s t a t i c a l l y  d r i v e n  d iaphragm- type  u n i t .  

The most d i f f i c u l t  problem among dynamic c a p a c i t o r  

m a n u f a c t u r e r s  i s  u s u a l l y  t h a t  o f  o b t a i n i n g  r e a s o n a b l e  u n i t  

y i e l d s  on c o n t a c t  p o t e n t i a l  s p e c i f i c a t i o n s .  I t  i s  o u r  o p i n i o n  

t h a t  r e p e a t a b l e  i n d u s t r i a l  c o n t r o l  o f  t h e r m a l  and tempora l  

v a r i a t i o n s  i n  c o n t a c t  p o t e n t i a l  s t i l l  l i e s  w i t h i n  t h e  rea lm o f  

w i t c h c r a f t ,  n o t w i t h s t a n d i n g  a p p l i c a b l e  t e x t b o o k  t h e o r y .  S i n c e  

y i e l d s  i n  p a s t  p r o j e c t s  have s e r i o u s l y  a f f e c t e d  c o s t  and d e l i -  

v e r y  s c h e d u l e s ,  we have c o n s i d e r e d  r e l a x a t i o n  of c o n t a c t  p o t e n -  

t i a l  r e q u i r e m e n t s  i n  f a v o r  of compensat ing d r i f t s  t h rough  f r e -  

q u e n t  p e r i o d i c  r e z e r o i n g  o f  t h e  e l e c t r o m e t e r .  I n  t h i s  method, 

t h e  i n p u t  s i g n a l  i s  d i s c o n n e c t e d  and t h e  outpu$ v o l t a g e  i s  

compared t o  g round  p o t e n t i a l  and f o r c e d  c l o s e  t o  ground by a  

s u b s i d i a r y  loop  t h a t  i s  c l o s e d  o n l y  d u r i n g  t h e  z e r o i n g  o p e r a -  

t i o n .  During normal  o p e r a t i o n  of t h e  e l e c t r o m e t e r ,  t h e  z e r o  

c o r r e c t i o n  s i g n a l  i s  s t o r e d  i n  some manner a t  t h e  r e t u r n  l e g  

of t h e  dynamic c a p a c i t o r .  

The d i s c u s s i o n  of t h e  sys tem e r r o r s  i n  Reference  6 

a l l o w s  us  t o  compare t h e  e x p e c t e d  per formance  o f  t h e  dynamic 



c a p a c i t o r  modu la to r  w i t h  t h a t  of t h e  d i r e c t - c o u p l e d  e l e c t r o -  

me te r  d e s c r i b e d  above .  The sys t em d e s c r i b e d  had t h e  f o l l o w i n g  

p a r a m e t e r s :  

O f f s e t  c u r r e n t  < <  A 

O f f s e t  v o l t a g e  ( long  te rm)  5 - 10 mV 

O f f s e t  v o l t a g e  (temp. c o e f f . )  70 v V / O C  

E f f e c t i v e  i n p u t  t r a n s c o n d u c t a n c e  -20 v A ,  r m s  VDC 
( i n c l u d e s  c a p a c i t o r  c o n v e r s i o n  e f f i c i e n c y ,  
t r a n s f o r m e r  r a t i o ,  and p r e a m p l i f i e r  g a i n )  ( e s t i m a t e )  

I n p u t  impedance > 1015 Q 

Power consumption 2 20 mw 

The u s e  o f  f i e l d - e f f e c t  t r a n s i s t o r s ,  w i t h o u t  a 

t r a n s f o r m e r ,  s h o u l d  r e s u l t  i n  a  t e n - f o l d  i n c r e a s e  i n  i n p u t  

s t a g e  t r a n s c o n d u c t a n c e  and a  c o r r e s p o n d i n g  d e c r e a s e  i n  v o l t a g e  

n o i s e .  

Examinat ion  of  t h i s  t a b l e  makes i t  c l e a r  t h a t  t h e  

p r imary  advan tage  o f  t h e  dynamic c a p a c i t a n c e  e l e c t r o m e t e r  l i e s  

i n  i t s  n e g l i g i b l e  low o f f s e t  c u r r e n t .  The o f f s e t  v o l t a g e  v a r -  

i a t i o n  i s  an o r d e r  of magnitude lower  t h a n  t h a t  obse rved  w i t h  

e x i s t i n g  IGFET d e v i c e s ,  b u t  t h i s  low v a l u e  r e p r e s e n t s  a  low- 

y i e l d  s e l e c t i o n  and i s  n o t  e a s i l y  a c h i e v e d .  The a u t o m a t i c  r e -  

z e r o i n g  loop s u g g e s t e d  above i s  a p p l i c a b l e  t o t h e  IGFET e l e c t r o -  

me te r  a s  w e l l .  



For gas chromatographic applications, in which 

the detector quiescent current may lie in the range 10 -I1 to 

10-lo A, the low offset current of the dynamic capacitor mod- 

ulator seems to offer no' particular advantage, since the detec- 

tor current must be subtracted in any case. 

3.2.2 Electrometer for Use with Modulated Detector 

Some types of current detectors lend themselves 

to AC modulation of the current stream either by variation of 

the collector voltage or by the associated grid structures. 

A plasma wake electrometer of this type was flown on the 

Agena vehicle used for rendezvous in the Gemini program 

(Reference 3.2.2-1). In this system a stream of ions entering 

a Faraday Cup was interrupted 3840 times per second with 

retarding potential on a control grid. .The collected signal 

was a square-wave current that was processed with a 3840-Hz 

AC electrometer and 5-decade logarithmic A/D conversion system 
designed by ATC. The electronic system errors in this experi- 

ment contributed about 1% to the total measurement uncertainty. 

A modulated detector system is still sensitive to 
baseline errors in the detector current during the portion of 

the cycle that the detector operates. One important consider- 

ation affecting-the desirability of detector modulation is that 

the signal be modulated exclusively as compared to modulation of 

all inherent detector characteristics including errors such as 

baseline and offset. One excellent example of this consider- 

ation in the field of Gas Chromatography is the electron capture 

detector. This detector, though not applicable to this experi- 

ment, provides most stable operation in a pulsed mode (Reference 

3.2.2-2). 

3.2.2-1 ATC Staff, "Final Report on the Gemini Plasma Wake 
Instrument Development Program," prepared for 
Electro-Optical Systems, Inc., 1 January 1966. 

3.2.2-2 J.E. Lovelock, "Electron Absorption Detectors and the 
Technique for Use in Quantitative and Qualitative 
Analysis by Gas Chromatography," Vol. 35, No. 4, g 474, 
April, 1963. 

3.2-4 



With respect to the signal processing chzin, off- 

sets are introduced by the synchronous demodulating device. 

The AC amplifier must be stable and sufficiently fast to 

follow the input variations without introducing appreciable 

variations in either amplitude or phase. The plasma wake 

instrument used a chain of stable broadband feedback ampli- 

fiers followed by a full-wave demodulator and active filter. 

The absence of over-all feedback to the detector was acceptable 

in this instance since the error from amplifier gain and demod- 

ulator offset variation was negligible compared to detector 

variations. 

Such a system would also be acceptable for gas 

chromatography. The complexity of the electrometer section 

is comparable to that of the dynamic capacitor electrometer. 

3.3 AC-DC Electrometers 

The carrier electrometers discussed in the previous sections 

are still subject to voltage offset errors. For example, the 

dynamic-capacitor electrometer is subject to thermally-induced 

voltage offset error in the order of 5 to 10 mV.  

When the feedback loop is closed, the offset error of the 

input device appears as a voltage difference between the input 

summing mode and the voltage reference (ground). If this 

voltage is chopped with a switch whose offset is lower than 

that of the input amplifier, the resulting AC voltage may be 

amplified and fed back to the reference point to reduce the 

offset to that of the switching device. This technique is 

particularly important in the design of integrators with 

extremely low drift. A block diagram of such a system is 

shown in Figure 3.3-1. 

Typical parameters of the three commonly used chopping 

devices are listed in Table 3.3-1. 



Device 

Mechanical 
Chopper 

Bipolar trans- 
is tor dual- 
emitter 
chopper 

FET 
chopper 

Voltage 
Offset 

10-20 p v  

50 p v  

0 

Current 
Offset (leakage) 

not applicable 

Table 3.3-1 

Closed 
Resistance 

0 n 

50 n 

10 K 

Chopper Parameters 





The DC performance of these devices described in the table 

is not the only criterion of use, since mechanical choppers 

have limited lifetime and require high drive power. The chopper 

drive signal can be capacitively or inductively coupled into the 

AC amplifier input to produce a spurious offset signal. Such 

difficulties are aggravated by use of choppers requiring high 

drive power. The data in the table shows that except for elec- 

trometer applications requiring current offsets of less than 

10-l1 or A at room temperature, an IGFET chopper offers 
superior performance, since it is essentially a modulated 

resistance with no inherent voltage offset. 



4 . 0  INTEGRATION 

T h i s  s e c t i o n  i s  d e v o t e d  t o  d i s c u s s i o n  o f  t e c h n i q u e s  f o r  

measurement of  a r e a s  o f  ch roma tograph ic  p e a k s .  C o n s i d e r a b l e  

t h o u g h t  h a s  been g i v e n  t o  t h i s  t o p i c  s i n c e  i n t e g r a t i o n  p r o v i d e s  

t h e  t r u l y  q u a n t i t a t i v e  measurement i n d e p e n d e n t  of  form f a c t o r .  

4 . 1  D i r e c t  Analog I n t e g r a t i o n  

T h i s  s e c t i o n  d i s c u s s e s  d i r e c t  a n a l o g  i n t e g r a t i o n  o f  t h e  

d e t e c t o r  s i g n a l  c u r r e n t .  T h i s  app roach  u t i l i z e s  an  o p e r a t i o n a l  

a m p l i f i e r  w i t h  M i l l e r - t y p e  c a p a c i t i v e  f e e d b a c k  t o  i n t e g r a t e  

t h e  d e t e c t o r  c u r r e n t  f o r  a  t ime  i n t e r v a l  s u f f i c i e n t l y  l o n g  t o  

measure  any d e t e c t o r  o u t p u t .  

4 . 1 . 1  I n t e g r a t o r  C o n f i g u r a t i o n  

S i n c e  v o l t a g e  changes  a t  t h e  i n p u t  of  t h e  i n t e g r a -  

t o r  w i l l  u p s e t  t h e  b a s e l i n e  s t a b i l i z a t i o n ,  i n t e g r a t i o n  i s  b e s t  

per formed o p e r a t i o n a l l y  a s  shown i n  F i g u r e  4 . 1 . 1 - 1 .  T h i s  t y p e  

o f  c i r c u i t  m a i n t a i n s  a  " v i r t u a l  g roundt t  a t  t h e  i n p u t  by u s e  o f  

n e g a t i v e  f e e d b a c k .  

Wi th in  l i m i t a t i o n s  ( t o  be  d i s c u s s e d  l a t e r ) ,  t h e  

i n t e g r a t o r  o u t p u t  can  be  shown t o  be 

eo ( 4 . 1 . 1 - 1 )  C 

where eo i s  t h e  i n t e g r a t o r  o u t p u t  v o l t a g e ,  

C i s  t h e  i n t e g r a t i n g  c a p a c i t a n c e ,  

T  i s  t h e  t i m e  ( s i n c e  t h e  l a s t  r e s e t )  o f  i n t e g r a t i o n ,  

id i s  t h e  d e t e c t o r  c u r r e n t  i n  e x c e s s  o f  t h e  s t a t i c  ( o r  
b a s e l i n e )  v a l u e ,  Id ,  and 

t i s  t i m e .  

S i n c e  t h e  i n p u t  of  t h e  o p e r a t i o n a l  a m p l i -  

f i e r  w i l l  r emain  v e r y  c l o s e  t o  g round ,  t h e  f e e d b a c k  c a p a c i t o r s  

4 . 0 - 1  
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r e q u i r e d  can  be  computed from t h e  n e t  c h a r g e  accumula ted  i n  

Equa t ion  4 . 1 . 1 - 1  

where Q i s  t h e  n e t  accumula ted  c h a r g e  and V i s  t h e  c o r r e s p o n d -  

i n g  o u t p u t  v o l t a g e  d e s i r e d .  

The s m a l l e s t  c a p a c i t o r  i s  de te rmined  by 

t h e  minimum c h a r g e  which must  be d e t e c t e d  and th'e c o r r e s p o n d -  

i n g  v o l t a g e .  T h i s  s e t s  t h e  sys tem t h r e s h o l d .  Assuming o u t p u t  

measurement w i l l  be i n  t h e  form of  l o g a r i t h m i c  a n a l o g - t o -  

d i g i t a l  c o n v e r s i o n ,  a  t y p i c a l  t h r e s h o l d  would be 100 mV.  Using 

t h i s  v a l u e  and  a  cha rge  of 10 - I2  coulomb, we c a l c u l a t e  10 pF 

f o r  t h e  minimum c a p a c i t a n c e .  For 10 3 / 2  (=  31.6)  v o l t s  f u l l -  

s c a l e  and l o - '  coulomb, t h e  maximum r e q u i r e d  c a p a c i t a n c e  i s  

0 .316 PF.  S i n c e  2 .5  decades  a r e  cove red  on each  l o g a r i t h m i c  

s c a l e ,  t h r e e  s c a l e s  w i l l  be r e q u i r e d  t o  c o v e r  t h e  s p e c i f i e d  

i n p u t  c h a r g e  r a n g e .  S i n c e  t h e  q u a n t i z i n g  r e s o l u t i o n  i s  a p p r o x i -  

m a t e l y  c o n s t a n t  f o r  a  l o g a r i t h m i c  c o n v e r t e r  th roughou t  t h e  

r a n g e ,  i n t e g r a t o r s  u s i n g  such  c o n v e r s i o n  w i l l  n o t  r e q u i r e  o v e r -  

l a p p i n g  s c a l e s .  The c a p a c i t a n c e s  and c o r r e s p o n d i n g  c h a r g e  

r anges  a r e  shown i n  Tab le  4 . 1 - 2 .  

I f  a  1 0 - b i t  l i n e a r  a n a l o g - t o - d i g i t a l  con-  

v e r t e r  were u s e d ,  t h e  combined a m p l i f i e r / c o n v e r t e r  t h r e s h o l d  

c o u l d  be a b o u t  10 m i l l i v o l t s  and a m p l i f i e r  f u l l  s c a l e  10 v o l t s .  

The i n t e g r a t o r  feedback c a p a c i t o r s  would t h e n  be  c a l c u l a t e d  

u s i n g  t h e s e  lower  v o l t a g e s ;  however,  t h e  c i r c u i t  c o n s i d e r a t i o n s  

a r e  n o t  b a s i c a l l y  changed. The i n t e g r a t o r  used  w i t h  a  l i n e a r  

a n a l o g - t o - d i g i t a l  c o n v e r t e r  must i n c l u d e  enough s c a l e  o v e r l a p  



Table 4 . 1 - 2  

I n t e g r a t o r  Sca l ing  parameters  (Using Log A/D Conversion) 



t o  p r e s e r v e  t h e  s c a l e - t o - s c a l e  a c c u r a c y .  The l a r g e s t  e r r o r  

o c c u r s  j u s t  a f t e r  s c a l e  s w i t c h i n g .  I f  s w i t c h i n g  o c c u r s  a t  

a l m o s t  f u l l  s c a l e  (10 v o l t s )  and t h e  v o l t a g e  r e a d o u t  r e s o l u -  

t i o n  i s  10 m i l l i v o l t s ,  t h e  maximum e r r o r  i s  computed a s  f o l -  

lows : 

I 
I 

% e r r o r  = = 0 . 1  k % ,  ( 4 . 1 . 1 . 1 - 2 )  

where k  i s  t h e  r a t i o  of  t h e  f eedback  c a p a c i t a n c e  on t h e  h i g h e r  

s c a l e  t o  t h e  c a p a c i t a n c e  on t h e  lower s c a l e .  For  i 5 %  e r r o r ,  

k  i s  50. The r e q u i r e d  f eedback  c a p a c i t a n c e s  and c o r r e s p o n d -  

i n g  c h a r g e  r a n g e s  a r e  shown i n  Tab le  4 . 1 - 3 .  

4 .1 .1 .2  E r r o r  C a l c u l a t i o n s  

A b l o c k  diagram of t h e  approach  i s  shown 

i n  F i g u r e  4 . 1 - 4 .  For pu rposes  of e r r o r  and  r e s p o n s e  c a l c u l a -  

t i o n s ,  we can u s e  t h e  e q u i v a l e n t  c i r c u i t  shown i n  F i g u r e  4 . 1 - 5 .  

Cf i s  t h e  f eedback  c a p a c i t a n c e  i n c l u d i n g  any s t r a y  c a p a c i t a n c e s ,  

and Rf i s  t h e  r e s i s t a n c e  s h u n t i n g  C f .  Ri i s  t h e  e q u i v a l e n t  r e -  

s i s t a n c e  s h u n t i n g  t h e  a m p l i f i e r  i n p u t ,  and i n c l u d e s  t h e  a m p l i -  

f i e r  i n p u t  r e s i s t a n c e ,  t h e  d e t e c t o r  s h u n t  r e s i s t a n c e ,  and t h e  

b a s e l i n e  s t a b i l i z a t i o n  r e s i s t a n c e .  S i m i l a r l y ,  Ci i n c l u d e s  a l l  

t h e  c a p a c i t a n c e  s h u n t i n g  t h e  a m p l i f i e r  i n p u t .  Av i s  t h e  a m p l i -  

f i e r  v o l t a g e  g a i n .  Vo and I. a r e  t h e  a m p l i f i e r  o f f s e t s .  

4 . 1 . 1 . 2 . 1  C a p a c i t o r  Leakage R e s i s t a n c e  

E r r o r  

The t r a n s f e r  impedance, Z T ,  i s  

g i v e n  by 



T a b l e  4 . 1 - 3  

S c a l e  
D e s i g n a t i o n  

00 

C a p a c i t a n c e  
(F )  

10-lo 

5 

2 .5  x 

1 . 2 5  x l o - '  

Charge Range 
(Coulomb) 

to 

5  x 10 -I1 t o  5  x 

2 .5  x t o  2 . 5  x l o m 6  

1 . 2 5  x t o  1 . 2 5  x 







Thus i f  Z T  i s  t o  approx ima te  c l o s e l y  Z AvZ i 
f '  Z ; + Z ,  (which i s  

t h e  v o l t a g e  g a i n  a round t h e  i n t e g r a t o r  l o o p )  must be  made 

l a r g e  a t  a l l  f r e q u e n c i e s  o f  i n t e r e s t .  For t h e  range  of  f r e -  

q u e n c i e s  where t h e  i n t e g r a t o r  loop  g a i n  i s h i g h ,  Equa t ion  

4 . 1 . 1 . 2 . 1 - 1  becomes 

For f r e q u e n c i e s  s i g n i f i c a n t l y  h i g h e r  t h a n  1 / (2nCfRf ) ,  

Equa t ion  4 . 1 . 1 . 2 . 1 - 3  i s  r e c o g n i z e d  a s  t h e  p r o p e r  t r a n s f e r  

impedance f o r  an i n t e g r a t o r .  

The b a s i c  a c c u r a c y  l i m i t a t i o n  

i s  due t o  t h e  r e s i s t a n c e  s h u n t i n g  t h e  f eedback  c a p a c i t o r .  The 

f eedback  t ime  c o n s t a n t ,  R f C f ,  must be  l a r g e  compared t o  t h e  

a n a l y s i s  t ime  i f  a c c u r a c y  i s  t o  be m a i n t a i n e d .  For s m a l l  e r r o r s  

due t o  t h e  f eedback  t ime  c o n s t a n t ,  i t  can  be  shown t h a t  t h e  

f r a c t i o n a l  e r r o r ,  k ,  i s  

where T i s  t h e  t ime  from t h e  i n t e g r a t i o n  u n t i l  r e a d o u t .  I f  

t h e  r e a d o u t  o c c u r s  1 0  s econds  a f t e r  a  c h a r g e  impulse  and 1% 

e r r o r  i s  a l lowed  ( k  = 0 . 0 1 ) ,  R f C f  L 1000 seconds  and Rf = 1014 ohms 

f o r  t h e  1 0  pF c a p a c i t o r .  By c a r e f u l  a t t e n t i o n  t o  c i r c u i t  d e s i g n ,  



component s e l e c t i o n ,  and i n t e g r a t o r  l a y o u t ,  t h e  r e q u i r e d  Rf 

can  be  r e a l i z e d .  The t ime  c o n s t a n t  i s  more e a s i l y  r e a l i z e d  

w i t h  t h e  h i g h e r - v a l u e d  c a p a c i t a n c e s  s i n c e  t h e  r e q u i r e d  Rf i s  

' s m a l l e r .  

The s h u n t i n g  p a t h s  th rough  

t h e  r e l a y  c o n t a c t s  (S1, S 2 ,  S3,  S 4  i n  F i g u r e  4 .1-4)  a r e  e l i m i n -  

a t e d  by s h o r t i n g  t o  ground t h e  o u t p u t  s i d e  o f  any r e l a y  n o t  i n  

u s e .  For  example,  when t h e  i n t e g r a t o r  i s  on t h e  most  s e n s i -  

t i v e  s c a l e  (OO), a l l  r e l a y  w i p e r s  a r e  grounded.  T h e r e f o r e  t h e  

o u t p u t  v o l t a g e  c a n n o t  a p p e a r  a c r o s s  t h e  r e l a y  l e a k a g e  r e s i s t a n c e .  

To i n c r e a s e  t h e  o u t p u t - t o - i n p u t  l e a k a g e  r e s i s t a n c e  f u r t h e r ,  t h e  

a m p l i f i e r  i n p u t  must  b e  comple te ly  gua rded  by grounded s h i e l d s .  

By c a r e f u l  a t t e n t i o n  t o  t h e s e  d e t a i l s ,  e r r o r  (on t h e  1 0  pF 

s c a l e )  due t o  o u t p u t - t o - i n p u t  l e a k a g e  r e s i s t a n c e  can  be h e l d  

t o  a b o u t  1% f o r  a  10 - second  measurement i n t e r v a l .  

4 . 1 . 1 . 2 . 2  I n t e g r a t o r  I n p u t  O f f s e t  E r r o r s  

I n p u t  o f f s e t s  a r e  r e p r e s e n t e d  

by Vo and  I. i n  F i g u r e  4 . 1 - 5 .  The c u r r e n t  o f f s e t ,  I o ,  must  

i n c l u d e  t h e  d i f f e r e n c e  between t h e  d e t e c t o r  q u i e s c e n t  c u r r e n t  

and t h e  b a s e l i n e  buck ing  c u r r e n t .  

The t o l e r a b l e  c u r r e n t  o f f s e t  

can  be de te rmined  by c a l c u l a t i n g  i t s  c h a r g e  ( t ime  i n t e g r a l  of 

t h e  c u r r e n t )  o v e r  t h e  i n t e g r a t i o n  i n t e r v a l .  .For t h i s  c h a r g e  t o  

e q u a l  t h e  i n t e g r a t o r  t h r e s h o l d ,  t h e  t o l e r a b l e  c u r r e n t  o f f s e t  i s  

where QT i s  t h e  d e s i r e d  c h a r g e  t h r e s h o l d  of t h e  i n t e g r a t o r  and 

T i s  t h e  t ime  t h a t  t h e  i n t e g r a t o r  i s  g a t e d  on.  For example,  



i f  QT were 10 - I 2  coulomb and T were 10 s e c o n d s ,  t h e  n e t  o f f s e t  

c u r r e n t  ( a f t e r  b a s e l i n e  compensa t ion)  must  be l e s s  t h a n  10 
- 1 3  

amperes .  

The a l l o w a b l e  v o l t a g e  o f f s e t  

can  b e  approximated  by c a l c u l a t i n g  t h e  v o l t a g e  r e q u i r e d  a c r o s s  

Ri t o  deve lop  t h e  p e r m i s s i b l e  I o .  

The b a s e l i n e  compensa t ion  c i r -  

c u i t r y  w i l l  b e  r e q u i r e d  t o  n u l l  t h e  c f f s e t s  t o  l e s s  t h a n  t h e  

v a l u e s  shown above f o r  a  10 - second  i n t e g r a t i o n  i n t e r v a l  and  

1 0 - l 2  coulomb t h r e s h o l d .  By r e d u c i n g  t h e  i n t e g r a t i n g  t i m e  o r  

i n c r e a s i n g  t h e  t h r e s h o l d  c h a r g e ,  t h e  o f f s e t  s p e c i f i c a t i o n s  

can  be r e l a x e d .  

4 . 1 . 1 . 2 . 3  F i n i t e  Loop-Gain E r r o r s  

There a r e  two major  e r r o r s  

caused  by t h e  f i n i t e  l o o p  g a i n .  The most  s e r i o u s  i s  t h e  s c a l e  

f a c t o r  d e c r e a s e  and i t s  i n s t a b i l i t y  a t  low l o o p - g a i n  l e v e l s .  

The second e r r o r  i s  caused  by cha rge  l o s s  t o  t h e  s h u n t  i n p u t  

c a p a c i t a n c e  ( C i  i n  F i g u r e  4 .1 -5 )  of t h e  i n t e g r a t o r  and t h r o u g h  

t h e  s h u n t  i n p u t  r e s i s t a n c e  (Ri i n  F i g u r e  4 . 1 - 5 ) .  

F i g u r e  4 .1 -6  ( a )  i s  a  schema- 

t i c  of  t h e  i n t e g r a t o r  and F i g u r e  4 .1 -6  (b)  i s  an e q u i v a l e n t  

c i r c u i t  from which t h e  g a i n - i n d u c e d  e r r o r s  can be  c a l c u l a t e d .  



) INTEGRATOR S C H E M A T I C  (SII~PLIF IED) 

( b )  EQUIVALENT C I R C U I T  

INTEGRATOR SCHEMATIC  TRANSFORMRTtQM 



From F i g u r e  4 .1 -6  ( b )  i t  i s  c l e a r  t h a t  t h e  i n t e g r a t o r  s h u n t  

i n p u t  c a p a c i t a n c e ,  Ci, ' c a u s e s  a  r e l a t i v e  e r r o r ,  k ,  g iven  by 

The g a i n  r e q u i r e m e n t  deduced from E q u a t i o n  4 . 1 . 1 . 2 . 3 - 1  i s  

-10 For example,  i f  Ci = 10 ? 

k = 0 . 0 1  (1% e r r o r ) ,  

t h e n  

The t ime  decay o f  t h e  o u t p u t  v o l t a g e  i s  d e t e r m i n e d  by t h e  

t ime  c o n s t a n t  o f  t h e  e q u i v a l e n t  c i r c u i t .  Ci  can  be  n e g l e c t e d  

s i n c e  i t  must  be much s m a l l e r  t h a n  ( 1  + A) C f .  The r emain ing  

e l e m e n t s  y i e l d  a  t ime  c o n s t a n t  of 



This  i s  t h e  same a s  t h e  t ime c o n s t a n t  of a  c a p a c i t o r  Cf which 

i s  s h u n t e d  by r e s i s t o r s  ( 1  + A) Ri and R f .  The v a l u e  o f  Rf 

f o r  an  e r r o r  o f  1% has  been computed i n  S e c t i o n  4 . 1 . 1 . 2 .  I f  

Ri i s  a l lowed  t o  cause  t h e  same e f r o r ,  t h e  r e q u i r e d  g a i n  i s  

11 The minimum a l lowed  v a l u e  of  Rf i s  1014 0 .  I f  Ri = 10 Q, 

A summary of t h e  i n t e g r a t o r  

e r r o r s  i s  t a b u l a t e d  i n  F i g u r e  4 .1 -7 .  These e r r o r s  can  b e  r e -  

. duced by changing a m p l i f i e r  g a i n  and d e t a i l s  o f  s c a l i n g ,  b a s e -  

l i n e  s t a b i l i z a t i o n  t e c h n i q u e ,  and A / D  c o n v e r s i o n .  More s p e -  

c i f i c  d e t e c t ' o r  c h a r a c t e r i z a t i o n  i s  r e q u i r e d  b e f o r e  t h e  o p t i -  

mum c o n f i g u r a t i o n  can  be de te rmined .  The a m p l i f i e r  f r e q u e n c y  

response  must e x t e n d  t o  a b o u t  1 . 6  x  H z  (1000-second t ime  

c o n s t a n t )  on t h e  low end .  The h i g h - f r e q u e n c y  response  w i l l  be 

de te rmined  by t h e  shape  of  t h e  c u r r e n t  p u l s e .  The upper  c u t -  

o f f  f r e q u e n c y  w i l l  p r o b a b l y  by abou t  10 Hz. 

4 . 1 . 1 . 3  A m p l i f i e r  Rate L i m i t  

The f i n a l  a m p l i f i e r  c h a r a c t e r i s t i c  t o  be 

c o n s i d e r e d  i s  i t s  r a t e  l i m i t .  I t  i s  by no means s i m p l e  t o  

s p e c i f y  t h i s  c h a r a c t e r i s t i c  s i n c e  i t  i n v o l v e s  s p e c i f i c  d e t e c -  

t o r  c h a r a c t e r i s t i c s ,  b a s e l i n e  s t a b i l i z a t i o n  d e t a i l s ,  and 

e l e c t r o m e t e r  i n p u t  c h a r a c t e r i s t i c s ,  



E q u i v a l e n t  S c a l e - F a , c t o r  
O f f s e t  E r r o r  

E r r o r  Source  (Coulomb) ( %  1 - 

1 0 - l 3  
- 

* A / D  Convers ion  ( l o g ,  8 b i t s )  < 1% 

- 
Feedback C a p a c i t o r  T o l e r a n c e  - - -  < 1% 

- 
Feedback C a p a c i t o r  Leakage R e s i s t a n c e  - - -  < 1% 

- 
< l o  -12 

A m p l i f i e r  O f f s e t  C u r r e n t  - - -  

- 
A m p l i f i e r  O f f s e t  Vo l t age  < 1 0 - 1 2  - - -  

A m p l i f i e r  F i n i t e  Loop Gain 

1 )  S c a l e  F a c t o r  

2 )  I n p u t  C a p a c i t a n c e  

3) I n p u t  R e s i s t a n c e  

Maximum t o t a l  w o r s t - c a s e  e r r o r  < 2 . 1  x 10 - - I 2  + 6 %  of  s i g n a l .  

* L i n e a r  1 0 - b i t  c o n v e r s i o n  (4 s c a l e s )  
y i e l d s  1 0 - 1 3  coulomb + 5 %  

F i g u r e  4 . 1 - 7  

Summarv o f  I n t e e r a t o r  E r r o r s  



I f  t h e  a m p l i f i e r  r a t e  l i m i t  i s  t o o  low, 

t h e  i n t e g r a t o r  loop  opens and a  v o l t a g e  b u i l d s  up on t h e  sum- 

ming p o i n t  c a p a c i t a n c e .  T h i s  can  have two d e t r i m e n t a l  e f f e c t s :  

1 )  D e t e c t o r  c u r r e n t  migh t  change due t o  t h e  change i n  

v o l t a g e  a c r o s s  t h e  d e t e c t o r .  

2 )  I n t e g r a t o r  per formance  may d e g r a d a t e  due t o  b i a s  

change .  

For modest d e t e c t o r  v o l t a g e  changes ( s a y  

10 V ) ,  t h e  d e t e c t o r  c u r r e n t  w i l l  n o t  change a p p r e c i a b l y  s i n c e  

t h e  d e t e c t o r  o p e r a t e s  i n  t h e  c u r r e n t - s a t u r a t e d  mode. However, 

much l a r g e r  v o l t a g e  changes a r e  a p t  t o  c a u s e  s e r i o u s  e r r o r s .  

The a c t u a l  d e t e c t o r  c u r r e n t  s e n s i t i v i t y  t o  d e t e c t o r  v o l t a g e  

w i l l  have t o  b e  de te rmined  by b readboard  t e s t s .  

High e l e c t r o m e t e r  i n p u t  v o l t a g e s  may c a u s e  

per formance  d e g r a d a t i o n  o r  f a i l u r e  i n  c e r t a i n  t y p e s  of e l e c t r o -  

m e t e r s .  For example,  t h e  e l e c t r o m e t e r  may b l o c k  when o v e r -  

l o a d e d ,  may r e q u i r e  a  long  r e c o v e r y  t i m e ,  o r  i t  may d i s s i p a t e  

t h e  c h a r g e  s i g n a l  by drawing e x c e s s i v e  i n p u t  c u r r e n t .  

I t  s h o u l d  b e  n o t e d  t h a t  s imple  n o n l i n e a r -  

i t y  i t s e l f  o r  temporary  b l o c k i n g  i s  n o t  ha rmfu l  a s  l o n g a s  t h e  

s i g n a l  c h a r g e  i s  s t o r e d  on t h e  i n p u t  c a p a c i t a n c e .  

I n  o r d e r  t o  be  p e r f e c t l y  s a f e ,  however,  a  

r a t e  l i m i t  c an  be  s p e c i f i e d  such t h a t  l i n e a r i t y  i s  m a i n t a i n e d  

th roughou t  t h e  a n a l y s i s .  The i n t e g r a t o r  ( F i g u r e  4 . 1 - 8 )  o u t p u t  

v o l t a g e  i s  





and t h e  o u t p u t  v o l t a g e  s l o p e  i s  

For t h e  l e a d i n g  edge o f  t h e  p u l s e  shown i n  F i g u r e  4 .1 -8  

where k i s  t h e  s l o p e  of  t h e  p u l s e .  From t h i s  i t  can  be shown 

t h a t  

where q i s  t h e  c h a r g e  accumula ted .  T h i s  can  be r e f i n e d  t o  

show t h a t  

By s u b s t i t u t i n g  ( 4 . 1 . 1 . 3 - 5 )  i n t o  ( 4 . 1 . 1 . 3 - 2 )  we o b t a i n  

Equa t ion  4 . 1 . 1 . 3 - 6  shows t h a t  t h e  maximum d v o / d t  o c c u r s  when 

vo and k a r e  maximum and C i s  minimum. The g r e a t e s t  v a l u e  of  



vo i s  a t  f u l l  s c a l e ,  and k  i s  maximum f o r  t h e  l a r g e s t  i n p u t .  

C i s  l o w e s t  on t h e  most s e n s i t i v e  s c a l e .  Thus t h e  maximum 

s l e w i n g  r a t e  o c c u r s  on t h e  most s e n s i t i v e  (10 pF) s c a l e  and  

i s  

A summary of t h e  e l e c t r o m e t e r  s p e c i f i c a -  

t i o n s  a r e  t a b u l a t e d  i n  Tab le  4 . 1 - 9 .  

"". 
d  t 

4 . 1 . 5  I n t e g r a t o r  O ~ e r a t i n e  Cycle  

-1 
x  31 .3  - - = 2500 V/sec .  

10 

The i n t e g r a t o r  sequenc ing  i s  a s  f o l l o w s  ( r e f e r  t o  

F i g u r e  4.1-5 : 

max ( 4 . 1 . 1 . 3 - 7 )  

1 )  C lose  a l l  f eedback  s w i t c h e s  t o  r e s e t  i n t e g r a -  
t o r .  

2 )  Open a l l  s w i t c h e s  and b a s e l i n e  s t a b i l i z e  u s i n g  
t h e  10 pF feedback  c a p a c i t o r .  

3) S e t  b a s e l i n e  c u r r e n t  c o n s t a n t  and s t a r t  a n a l y s i s .  

4) Swi tch  t o  n e x t  l a r g e r  c a p a c i t o r  i f  o u t p u t  v o l -  
t a g e  exceeds  f u l l  s c a l e .  

5) Cont inue  i n t e g r a t i o n  f o r  s p e c i f i e d  t ime  i n t e r -  
v a l ,  t h e n  

6 )  r e a d  o u t p u t  v o l t a g e  and s c a l e  f a c t o r .  

Programmer commands a r e  r e q u i r e d  t o  c o n t r o l  t h e  i n t e g r a t o r  

sequence .  



Input  r e s i s t a n c e  

Input  capac i t ance  

1nput o f f  s e t  c u r r e n t  

Input  o f f s e t  v o l t a g e  

Voltage ga in  
(from 10-4  Hz t o  10 H z )  

Output vo l t age  r a t e  l i m i t  

Output impedance 

Table  4 . 1 - 9  

E lec t rometer  S p e c i f i c a t i o n s  



4 . 2  P o s t  Analog I n t e g r a t i o n  

P o s t  a n a l o g  i n t e g r a t i o n  i s  d e f i n e d  h e r e  a s  a n a l o g  i n t e -  

g r a t i o n  f o l l o w i n g  an a n a l o g  e l e c t r o m e t e r .  I n  t h i s  c o n f i g u r a -  

t i o n  t h e  i n t e g r a t o r  must  p r o c e s s  t h e  e l e c t r o m e t e r  o u t p u t  t o  

o b t a i n  t h e  i n t e g r a l  of  t h e  d e t e c t o r  c u r r e n t .  

Cons ide r  t h e  e l e c t r o m e t e r  r e q u i r e d  t o  hand le  t h e  s p e c i -  
-13  f i e d  r ange  of  c u r r e n t s  (10 t o  A ) .  T h i s  dynamic r a n g e  

7 (10 ) r e q u i r e s  s c a l e  s w i t c h i n g  such  a s  shown i n  F i g u r e  4 .2 -1 .  

The o u t p u t  o f  t h e  e l e c t r o m e t e r  can  b e  shown t o  be 

The p a r a m e t e r s  a r e  d e f i n e d  i n  F i g u r e  4 . 2 - 2 .  

For s u f f i c i e n t l y  h i g h  l o o p  g a i n  Av Z i  > >  1, 
'i + z f  

and f o r  r a d i a n  f r e q u e n c i e s  f a r  below 

The a u t o m a t i c  s c a l e - f a c t o r  d e v i c e  i s  . r e q u i r e d  t o  s e l e c t  a  

s c a l e  such  t h a t  t h e  o u t p u t  v o l t a g e  remains  a t  a  l e v e l  t h a t  can  

be p r o c e s s e d  by t h e  i n t e g r a t o r  w i t h o u t  e x c e s s i v e  e r r o r .  

Now t h a t  t h e  c u r r e n t  i s  c o n v e r t e d  i n t o  a  v o l t a g e ,  t h i s  

v o l t a g e  must  be  r e c o n v e r t e d  i n t o  a  c u r r e n t  i n  o r d e r  t o  i n t e -  

g r a t e  t h e  v o l t a g e .  The c i r c u i t r y  r e q u i r e d  t o  i n t e g r a t e  t h e  
4 . 2 - 1  







r e c o n s t r u c t e d  c u r r e n t  a c c u r a t e l y  i s  v i r t u a l l y  t h e  same c i r -  

c u i t r y  r e q u i r e d  f o r  d i r e c t  i n t e g r a t i o n .  I n  view of  t h i s  f a c t ,  

t h e  e l e c t r o m e t e r  c i r c u i t r y  can  h a r d l y  be j u s t i f i e d  f o r  d e t e r -  

m i n a t i o n  of t h e  n e t  c h a r g e  d e l i v e r e d  by t h e  d e t e c t o r .  I f  one 

i s  r e q u i r e d  t o  d e t e r m i n e  o t h e r  p a r a m e t e r s  of  t h e  c u r r e n t  p u l s e ,  

u s e  of  t h e  e l e c t r o m e t e r  may be i n d i c a t e d .  

For  low a c c u r a c y ,  r e s t r i c t e d - r a n g e  measurements ,  u s e  o f  

t h e  e l e c t r o l y t i c  c e l l  ' i n t e g r a t o r  may b e  i n d i c a t e d .  

4 . 2 . 1  E l e c t r o l y t i c  C e l l  I n t e g r a t o r  

The B i s s e t t  Berman "E" c e l l  i s  an e l e c t r o p l a t i n g  

component t h a t  i n t e g r a t e s  by p l a t i n g  s i l v e r  from one e l e c t r o d e  

t o  a n o t h e r  a s  a  f u n c t i o n  of  c u r r e n t  between t h e  e l e c t r o d e s .  One 

of t h e  e l e c t r o d e s  c o n t a i n s  a l l  o f  t h e  s i l v e r .  A t  t h e  b e g i n n i n g  

of  t h e  sequence ,  c u r r e n t  th rough  t h e  c e l l  c a u s e s  t h e  s i l v e r  t o  

p l a t e  o n t o  t h e  b a r e  e l e c t r o d e .  Thus, t h e  amount of  p l a t i n g  

accumula ted  i s  a  f u n c t i o n  o f  c h a r g e  t h r o u g h  t h e  c e l l .  S i n c e  

t h e  a c t i o n  i s  c o m p l e t e l y  r e v e r s i b l e ,  t h e  c e l l  can  be r e a d  o u t  

by a p p l y i n g  a f i x e d  r e v e r s e  c u r r e n t  of  a  known v a l u e .  The t i m e  

f o r  t h e  s o l u t i o n  t o  be r e p l a t e d  i s  p r o p o r t i o n a l  t o  t h e  i n t e g r a l  

of  t h e  s i g n a l .  

The v o l t a g e  drop  a c r o s s  t h e  c e l l  d u r i n g  p l a t i n g  i s  

a b o u t  50 mV.  A s  t h e  p l a t i n g  t e r m i n a t e s ,  t h e  v o l t a g e  d r o p  i n -  

c r e a s e s  t o  g r e a t e r  t h a n  4 0 0  mV,  and t h i s  a b r u p t  change i s  used  

t o  s i g n a l  t h e  end o f  i n t e g r a t i o n .  

The c e l l s  t y p i c a l l y  a r e  r a t e d  a t  120 uA/hr.  The 

maximum c u r r e n t  p e r m i s s i b l e  i s  l e s s  t h a n  5  mA, and t h e  minimum 

measurab le  c h a r g e  i s  1 PAS,  o r  l o m 6  C .  

The c e l l ,  however,  h a s  a  d p m i c  r ange  which i s  

l i m i t e d  by t h e  maximum and minimum c u r r e n t s  r e q u i r e d  f o r  r e -  

l i a b l e  o p e r a t i o n  ove r  t h e  t e m p e r a t u r e  r a n g e .  T y p i c a l l y ,  Imax=120 P A  

and Imin = 5  u A  a t  -55OC which a r e  l e s s  t h a n  two decades  a p a r t .  

The c e l l s ,  t h u s ,  a r e  n o t  p r a c t i c a l  f o r  use  i n  wide dynamic r ange  
4 .2 -4  



devices such as gas chromatographs. 

The digital integrating electrometer shown in Figure 

4.3-1 operates as follows: The input current, is, is inte- 

grated on the electrometer feedback capacitor Cf. The out- 

put of the electrometer may be amplified by a stable dc post- 
amplifier as required. The eventual output is fed into a 

level discriminator or comparator whose digital output is 

used for two purposes: 1) to trigger a digital counter; 

2) to deliver a pulse of negative charge to the input by 

means of an appropriate pulse-forming network. If the magni- 

tude of the feedback charge per pulse is Q then the dis- f' 
criminator operates at a frequency f = is/Qf. The input 

charge delivered by the source during an interval of time 

T is given by 

and is approximated by NQf, where N is the number of charge 

pulses fed back as well as the number of events recorded by 

the digital counter. The synchronizer shown ensures that 

only discrete quanta of charge are fed back and that the 

charge pulser does not operate at too high a rate. 

This system has the advantage that the analog integra- 

ting electrometer is used only as a null-sensing device. The 

gain and stability are determined by the offset errors of the 

amplifier and detector and by the gain and offset errors of 

the charge pulsing network. The value of the feedback capa- 

citor is not involved in the gain determination. 

A breadboard system of this type, using a 2N3609 IGFET 

integrating electrometer, was designed by ATC personnel for 



measurement of currents from beam monitor ion chambers at the 

California Institute of Technology 1.5 G e V  electron synchrotron, 

to replace ancient vacuum-lube integrators which work on essen- 

tially the same principle. Systems operating on the same prin- 

ciple are used in a number of commercially-available voltage- 

to-frequency converters and integrating digital voltmeters. 

These commercial devices are of course not intended for low 

current measurements, but even so, have a typical maximum sensi- 

tivity of about lo-' A ,  and have been used as ion current inte- 

grators at the Cambridge Electron Accelerator. 

The considerations relevant to the design of such an elec- 

trometer system are discussed in the following subsections. 

4.3.1 Effects of Offset Errors 

Unavoidable system errors are introduced by the 

current and voltage offset of the electrometer and by the cur- 

rent and voltage offset errors and gain variations of the charge- 

forming network, as well as the corresponding errors of the post- 

amplifier, if one is used, 

Errors which are avoidable, at least in principle, 

are introduced by the finite open-loop gains of the amplifier 

and by the rounding error inherent in the discrete charge feed- 

back scheme. (The gains may always be made larger, and the analog 

output of the electrometer may also be read.) 

The magnitudes of the unavoidable offset errors 

will.now be discussed. 

According to equation 3.1-6 drifts are produced by 

current offsets or noise at the integrator amplifier input. 

Drifts are also produced by voltage offsets if the source impe- 

dance Ro is finite. 



The mean component of the drift can be cancelled 

by an appropriate baseline stabilizing network like that des- 

cribed in Ref. 4.3.2-1. The fluctuating component produced 

by low-frequency noise does no harm unless it is large enough 

to operate the comparator relatively frequently. If the charge 

feedback system delivers only one sign of charge, noise of all 

frequencies may be rectified. Acceptable commercial integra- 

ting digital voltmeters contain networks which feed back both 

signs of charge. The gains of the two networks must be equal 

if the instrument is to possess the same calibration for positive 

and negative inputs. 

Use of only one sign of feedback charge is accep- 

table provided that the noise counting rate can'be made negli- 

gible. 

A device exhibiting a large flicker or excess 

voltage noise, as do presently available insulated-gate field- 

effect transistors, should be used in configurations with high 

input impedance to minimize the fluctuation in the drift. 

4.3.2 Charge Feedback Systems 

Two methods for feeding back charge to the input 

have been studied. The first technique employs a capacitor 

which is charged to a reference voltage and is then discharged 

into the input each time the discriminator operates, as shown 

in Figure 4.3.2-1. 

This technique is subject to thermally or temporally- 

induced error in either the capacitor or the reference voltage. 

With modern components, errors from these sources can be made less 

- 

4.3.2-1 J , H ,  Marshall, "A Capacitor Storage Scheme for Gas 
Chromatograph Detector Quiescent Current Compensation," 
JPL Space Programs Summary No. 37-24, Vol. IV, 213. 
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(4.3.2-2, 4.3.2-3) 
than 0.1% over the full military temperature range. 

Transistor or diode switches possess voltage offsets which 

can be made less than 1 mV, or 0.01% of a 10 V reference. 

However, junction devices possess large leakage currents, 

typically at least 10 -lo A at 20°C, which make them unsuitable 

for low-current applications. Insulated-gate field effect 

switching transistors exhibit no voltage offset at all, and 

possess current offsets in the range of 10 -I1 to 10 -I2 A at 
20°C. Such switches may be used in applications where a base- 

line error of this magnitude is acceptable, provided the upper 

limit of the temperature range is not large. At 100°C, a 

10-l2 A leakage increases to more than lo-' A. 

Timing of the switch operation is uncritical, 

except that enough time must be allowed to charge and dis- 

charge the capacitor completely through the finite on-resis- 

tance of the switch. 

During the time the switch is closed, high fre- 

quency voltage noise at the input is amplified by the ratio 

In the simple system shown, an additional error 

in the fed-back charge is introduced by the voltage offset 

of the integrator, in that the capacitor does not discharge 

completely. This error may be eliminated by using a double- 

pole switch to connect the low side of the capacitor to the 

electrometer output. If this procedure is used, the charge Q 
left on the integrating capacitor depends on the ratio of 

4.3.2-2 ATC Staff, "An  experimenter.'^ Handbook for Space Instru- 
ment Design," Sections 3.1 and 3.7, 7/29/66. 

4.3.2-3 T.M. Harrington and J .  H. Marshall, "A Pulse-Height 
Analyzer for Charge-Particle Spectroscopy on the Lunar 
Surface." In Press. 



the feedback capacitance to the integrating capacitance: 

The value of the integrating capacitor may become important 

in determining the gain of such a system, so a stable com- 

ponent must be used. 

A second possible technique, using resistive feed- 

back, is shown in Figure 4.3.2-2. 

Errors in this system are introduced by variations 

in the reference voltage, the time T, and the resistance R. 
All may be made negligible (>0.1%) over the full military 

range. To achieve this accuracy, the time interval should 

be crystal controlled, the rise time of the switch should 

be appropriately short compared to T, and stable resistors 
must be used. 

Errors are also introduced by the offsets of the 

switch and by rectification of voltage noise produced by the 

presence of a relatively low impedance at the input during the 

on time of the switch. A switch with a very small current 

offset may be made by generating the reference voltage with 

a stable current source loaded by a low output impedance; as 

shown in Figure 4.3.2-3. 

This scheme was employed in the breadboard ion 

current integrator mentioned earlier. The output of the 

device exhibited relatively large low-frequency fluctua- 

tions, presumably of directly transmitted flicker noise 
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and because the feedback resistor R was continually con- 

nected to ground through the low impedance, RL, making the 

drift rate sensitive to noise in the IGFET input stage. The 

maximum current the device could accept was comparable to that 

of the proposed gas chromatograph, so that similar problems 

would be expected if the IGFET device were used. 

4.3.3 Rounding Error and Discriminator Threshold 

When a total charge Qt has been deliv'ered to the 

input summing mode, the discriminator operates and feeds 

back a charge Qf. If the threshold charge is chosen to be 
1 half the feedback charge, so that Qt = Qf, the average 

output of the electrometer for a slowly varying input current 

is zero, if offset errors are neglected. This choice of the 

threshold then produces zero expected rounding error. The 

operation is diagrammed in Figure 4.3.3-1, which shows the 

behavior of the electrometer output for a constant input 

current. 

Figure 4.3.3-1 Electrometer Output 

This relation implies that the threshold (bias) 

voltage of the discriminator should approximately satisfy the 

following relation: 

- where M2 is the gain of the post-amplifier and Cf  is the feed- 

back capacitance of the integrator. 





The dynamic range is set on the low-current end 

by the signal-to-noise ratio (or spurious counting rate) 

desired, and on the high-current end by the peak current and 

charge to be measured. We examine the latter limit first. 

If the maximum signal consists of pulses of 

charge Qm, lasting a mean time T, the electrometer cannot 

saturate if 

where Vm is the maximum output voltage of the integrator 

stage, even if the fed-back current is momentarily smaller 

than the feedback current. This consideration determines 

the minimum value of Cf: 

If the maximum input consists of a steady current I feed- m' 
back charge Qf must be supplied at a rate f such that 

To obtain the maximum sensitivity, consider 

that we initially reset the integrator perfectly and also 

apply a perfect drift correction. Subsequently, only the 

noise components can cause the integrator to drift, as a 

result of fluctuations in the current at the input. For the 

purpose of making an estimate, let us suppose that the noise 

can at least be bounded by a shot noise current caused by 

the random arrival (and departure, since the mean current 

into the summingnode is assumed zero) of electrons at the 

input. The subsequent behavior of the integrator output 



voltage is then a random walk. In a one-dimensional random 

walk, the probability that the system survives N steps and 

reaches a point m steps from the origin without crossing a 
(4.3.4-1) 

boundary ml steps from the origin is (for large N) 

If the dc component of the current entering and 

leaving the summing mode is I, and the observation is T, the 
total number of "steps" is equal to the total number of elec- 

tons of charge e: 

The number of steps corresponding to a voltage 

V at the discriminator input is 

- - (CfVt/M2) 
while ml e 

Substituting these relations in the above expression, we 

obtain the probability that at T the output voltage has 

4.3.4-1 S. Chandrasekhar, 
Astronomy, Revs. M 



reached a value between V and V + dV, where V < V without t' 
ever reaching Vt: 

To obtain the total probability that the system survives 

without operating the discriminator, we must integrate the 

above probability density from V = to V = Vth. The result 

is nearly unity only if 

The current used in this expression must include the con- 

tribution from input flicker and voltage noise developed 

across the input resistance Ro, integrated over the noise 

bandwidth. 

The directly-transmitted component of the voltage 

noise must be superposed on the drift. The noise introduced 

by the post-aiplifier must be added directly to that of the 

integrator, indicating that the post-amplifier must also be 

a low-noise design. 

The probability per unit time that this noise 

voltage passes through the discriminator threshold with 
Y4.3.4-2, positive slope can be computed if the drift is n e g l e ~ t e d . ~ . ~ . ~ - ~ )  

4.3.4-2 S.O. Rice, Bell Systems Technical Journal, - 23, (1944); 
25, 46 (1945) - 

4 . 3 . 4 - 3  M. Kac, Amer. Jour. Math, LXV, 609 (1943) 



The number of times that the discriminator operates on noise 

during the observation time T is N = pT. This number must be 

small compared to unity. 

If the finite bandwidth of the post-amplifier is 

not to introduce an error, it must be larger than the charge 

feedback frequency f. To estimate the probability of a spurious 

count, we shall take 

M2 (w) = 0 u > 2l~f (4.3.4-12b) 

and shall assume the noise spectrum to be flat. (It isn't 

because of flicker noise, but most of the contribution to 

the integral will come from higher frequencies.) 

These assumptions yield the following expression 

for the expected number of false triggers: 



The breadboard ion current integration described 

earlier had the parameters 

f = 100 kHz 

These values yield an expected counting rate of 

approximately 0.4 spurious counts per second after reset 

approximately the number observed. The agreement is fortuitous 

in view of the sensitivity of the Gaussian factor to the 

assumed mean square noise. 

The corresponding probability of false triggering 

as a result of random drift rates was negligible. As long as 

the voltage noise dominates the drift, we can combine the re- 

lation given earlier to arrive at the ratio of minimum to maxi- 

mum charge: 

1) To make the voltage noise acceptable, we must 

have 

where N is the maximum acceptable probability 
of a false count. 

2) Combination of the rounding error and dynamic 

range conditions lead to the relation 



3) Combination of these two equations leads 

to the dynamic range 

The frequency f is determined by the maximum 

time T available to count down the charged integration: 

Substituting this frequency into Equation 4.3.4-17, 

the dynamic range Qm/Qf is found to be the root of the trans- 

cendental equation 

2 If Vm = 10 V ,  Vn = 30 n ~ / & ,  T = 10 s, and 2 n ~ a  = 1, the 

dynamic range is the solution of 

which turns out to be 

The corresponding maximum feedback frequency is 6 KHz. 

This extimate of the dynamic range is valid only if 

the input baseline current can be cancelled with the accuracy 



required, namely 

The above estimate of the dynamic range is also 

valid only if the principal objective is to measure single 

pulses of charge. Extra dynamic range is obtained by using 

the integrater as an analog storage device. To observe a 

complete chromatogram, the feedback current fQf must always 

exceed the input current. 

In this case, the ratio of maximum to minimum 

current is 

i max - fQf - - -  
1 

= fT 
min Q ~ / T  

unless the noise dominates. For a given observation time, 

the frequency may be mcreased until limited by systematic 

electronic errors or until the noise counting rate becomes 

significant. The voltage noise limit may be extimated as 

before. Equation ( 4 . 3 . 4 - 1 5 ) ,  if multiplied by the feed- 

back capacitance Cf, provides a condition an the threshold 

charge Qt = + Qf 

This condition may always be met by decreasing Cf, until the 

voltage swing Qt/Qf exceeds the saturation voltage Vm of the 

integrator 



The maximum f r e q u e n c y  i s  t h e n  t h e  r o o t  o f  t h e  e q u a t i o n  

and t h e  dynamic r a n g e  imax/imin t h e  r o o t  o f  t h e  e q u a t i o n  

For  t h e  example g iven  e a r l i e r ,  t h e  dynamic c u r r e n t  r ange  

i s  

which i s  o b v i o u s l y  n o t  a  r e a l i s t i c  l i m i t .  Fo r  c u r r e n t  

measurement ,  t h e  dynamic r a n g e  w i l l  be l i m i t e d  by d r i f t s  

due t o  i m p e r f e c t  c o r r e l l a t i o n  o f  b a s e l i n e  c u r r e n t  a s  w e l l  

a s  by t h e  random walk e f f e c t  caused  by s h o t  n o i s e  i n p u t  

c u r r e n t  f l u c t u a t i o n s .  The l a t t e r  e f f e c t  l i m i t s  t h e  m i n i -  

mum t h r e s h o l d ,  and hence  t h e  minimum feedback  c h a r g e  t o  

a  v a l u e  

where i s  a  c o n f i d e n c e  f a c t o r  of  o r d e r  1 t o  10 i n  magni tude ,  

s o  t h a t  t h e  minimum d e t e c t a b l e  c u r r e n t  de te rmined  by t h e  

random d r i f t  r a t e  

For  t h e  example g i v e n  e a r l i e r ,  w i t h  ' the  a d d i t i o n a l  a s sumpt ion  

t h a t  t h e  b a s e l i n e  c u r r e n t  i s  10 - I 0  A ,  t h e  minimum d e t e c t a b l e  



current (for 6 = 5) is 

This limit is for lower than that imposed by a constant 

drift resulting from imperfect baseline compensation. 

Compensation to 0.1% has been shown to be feasible. (4.3.2-1) 

For the example given, the mini~um detectable current is 

thus 10 -13 - 
A Qf = 2,Qt - 3 with a corresponding 

charge resolution of 2 x 10 C. The maximum detectable 

current is determined by the maximum rate at which the 

charge feedback network can be operated, which is of the 

order of 1 MHz for 1% feedback accuracy. For the example 

given (T = 10' s), the achievable dynamic range is 8 decades. 

It follows, finally, that since the limiting error is the 

error in dc baseline compensation, that the minimum detectable 

current is the same as that of an electrometer, but range- 

switching is not required. 

4.4 Post-Digital Integration 

The block diagram in Figure 4.4-1 shows one method of 

post-digital integration. The signal from the amplifier is 

fed into a voltage-to-frequency converter, which produces a 

pulse-train with the pulse frequency proportional to the 

input voltage. The pulses are counted and stored for trans- 

mission to the data system. Use of a conventional VCO would 

require an additional bucking oscillator to produce a near- 

zero count at the low-signal levels. For a VCO and oscillator 

differential stability of 0.2%, the difference frequency could 

be 20 Hz at the nominal 10 KHz VCO frequency. Assuming a ten- 

second analysis time, this represents a nominal integration 

(4.3.2-1) Loc.  C i t .  





error of 200 counts. This same difference would exist 

at the measurement threshold of each of the three ranges. 

(Because of the wide dynamic range, it is not feasible 

to scale switch the VCO frequency). 

Assuming a full-scale voltage of 10 V, a two-second 

triangular peak and a VCO frequency swing from 10 KHz to 
4 20 KHz, 10 pulses would be produced, in which case the 

error due to the offset would be negligible. However, a 

2-s, 50-mV peak would produce about 50 pulses and the 20- 

pulse differential frequency would represent a 40% error. 

The inclusion of a threshold detector would prevent a count 

accumulation until the peak arrives. 

The data is read into one of three accumulators depending 

on the electrometer range (Figure 4.4-1). A commutator directs 

the output of the converter to the appropriate counter. The 

data from the first range is gated into counter number 1. When 

the electrometer range switches to the second range, the data 

is gated into accumulator number 2 and is similarly gated for 

range number three. The third counter could be eliminated by 

resetting the first range accumulator when the electrometer 

switches to range three. However, the major difficulty in 

throwing away the range-one data is the large error that 

would result for peaks just over the third range switching 

level for peaks with long tails. The total count that can be 

produced at the maximum-area peak on any of the three ranges 

is greater than needed for required accuracy. Therefore a 

floating point accumulator or some other device for compressing 

the data should be used. Since there are various straightforward 

ways of designing data compression circuits, they will not be 

discussed in this report. 



It should be mentioned that once the gas-handling 

portion of the instrument is designed and tested, the 

peak form factor will be known and should be relatively 

predictable. In that event it may be feasible to appro- 

ximate the area of the peak by using a threshold detector 

to determine the base width and a peak crest detector to 

provide the peak height. Four separate pieces of data would 

be required in addition to the range switching position. 

Namely, the time of occurrence of the start and ending of 

the peak and the time and peak height at the peak crest. 

This method, however, suffers from the inaccuracy that would 

be caused if a peak crest were lost in range switching. The 

logic can be mechanized to indicate that the electrometer 

range was changed but that a peak was not detected. In that 

case, the peak retention time would be given as the time the 

electrometer down-ranged. A more severe problem would be to 

determine the peak height. Additional circuitry would be 

required to sense the negative slope of the peak. In the 

absence of a detected peak crest signal, the logic would 

print out the height of the peak the moment it detected a 

negative slope. This method requires more complex data 

handling than would be the case with integrators that pro- 

vide a single value for the integral. Its only value would 

be in providing crude information on the peak form factor. 



5.0 RANGE SWITCHING 

Certain system configurations, such as the linear 

analog integrator described in Section 4.1, require scale- 

factor changes to cover the wide dynamic range predicted 

for this experiment. This ranging is usually accomplished 

by sensing the output of the scaled device and adjusting 

the scale factor such that the output remains within the 

dynamic range of the device (see Ref. 5.0-1). 

For a unipolar, monotonically increasing measurement, 

such as is performed by integrating the output of the 

hydrogen flame ionization detector, a simplified approach 

to scaling would be used . In this application, the inte- 

grator output is continuously and directly compared with 

a reference, Figure 5.0-1. When the output exceeds the 

reference, the integrator scale is changed to the next 

less sensitive scale. If, after a suitable delay, the 

output is still greater than the reference voltage, another 

scale change is effected. This process continues until the 

integrator output is within its dynamic range. After the 

analog-to-digital converter has completed its conversion, 

the integrator is reset to its most sensitive scale, and 

all capacitors are discharged. The electrometer is then 

prepared for the next measurement. 

5.0-1 J.H. Marshall, "An Automatic Scale Factor Device for 
Use with Spacecraft Electrometers," JPL SPS 37-23 





6.0 DETECTOR QUIESCENT CURRENT COMPENSATION 

Although the background current of the hydrogen flame 

detector may be as large a 10-lo A, to take full advantage 
of the detector's sensitivity, it is desirable to measure 

changes as small as A superimposed on the quiescent or 

background current. This requires that the quiescent current 

be nulled out during the analysis. In addition, since tempera- 

ture, pressure and system impurities can cause the background 

current to vary, a variable bucking current must be provided 

to null the current just prior to performing the actual 

analysis. 

In this report, three basic methods of zero compensation 

are considered; namely, linear feedback with a low-pass 

filter, gated capacitor storage, and gated digital feedback. 

The first two systems have previously been reported. Although 

both reports are included in the Appendix, a very brief des- 

cription of each will be included here. 

The linear feedback technique continuously supplies a com- 

pensation current into the amplifier summing point. However, 

the amplifier's time constant is long compared to the total time 

in which the peaks appear. For this reason, the compensation 

system can respond to the expected slow variations in baseline 

current without nulling out the signal current. 

The gated capacitor storage technique disconnects the 

compensation loop during the analysis and supplies the com- 

pensation current from a capacitor storage system. At the 

end of the analysis, the loop is closed and the compensation 

syste-m continuously rezeros the electrometer until the start 

of the next analysis. 



6.1 Gated Digital Stabilization 

A block diagram of the digital baseline stabilization is 
shown in Figure 6.1-1. The current is supplied to the ampli- 

fier summing point by a ten-bit D-to-A converter. The detec- 

tor current is coarsely biased by means of V and Rb such that b 
the electrometer output is nominally zero at the center of the 

converter ramp. The converter can thus adjust the variable 

bucking current to within 2 x 10 -13 A of ID - I for variations 
C 

up to approximately 10 -lo A. 

Assuming a clock rate of 10 Hz, each step would be 100 ms 

wide. The time constant r = R1 C = lo-' s, is 10% of the 

voltage step width. Therefore, the output has 10 T of settling 

time before the input is stepped to a new voltage. The amount 

the electrometer output lags the input baseline correction volt- 

age is negligible. The initial buck-out time could be 100 s. 

However, once the baseline is bucked out, the digital system 

would differentially track the relatively slow background 

current changes on subsequent corrections. Prior to the analy- 

sis, the comparator will be disabled and the counter will main- 

tain a fixed buck-out current until the comparator is again 

enabled. 

Although the digital system is a more complex circuit than 

the two other previously mentioned techniques, the state-of-the- 

art in integrated circuit technology is such that the circuit 

could be built with very low power and relatively few discrete 

components. 

The comparator will be required to have a threshold of 

about 10 mV, which is stable to within '5  mV. The clock stabil- 

ity is not particularly important. Modular ladder networks can 

be obtained that have output accuracies better than 0.05% over 

a temperature range of 100°C. A ten-bit ladder for the digital 





baseline compensation would require about 0.1% accuracy in 

its most significant bit. 

6.2 Conclusions 

Although the exact.choice of compensation technique will 

depend somewhat on such factors as the choice of associated 

subsystems, the maximum detector current variation, the analy- 

sis time, the detector noise spectrum and the expected temper- 

ature range, the following general comments can be made about 

the three techniques. 

The linear feedback method is the simplest but has the 

disadvantage of integrating the signal current during the 

analysis. This will cause an error in the peak quantization 

and the trailing edge of the peak will undershoot. The pro- 

blem, of course, becomes more severe as the peak width increases. 

The gated capacitor storage technique is more complicated 

than the linear feedback technique but will not cause under- 

shoot following the peak since it supplies current from a 

storage system during the analysis. As mentioned in the 

Appendix, a system has been constructed which maintained the 

baseline current to within 110-l2 A for 30 minutes. 

The digital baseline technique offers a wide-range com- 

pensation method with no variation in compensating current 

during the analysis. However, it seems to offer no significant 

advantage over the gated capacitor storage technique other than 

a wider dynamic range. 



7.0 ANALOG-TO-DIGITAL CONVERSION 

Since analog data from scientific laboratory or space 

instruments are frequently processed by way of digital or 

pulse-code modulation, the analog-to-digital conversion 

becomes an important accuracy factor in the signal-processing 

chain. This section discusses linear and logarithmic con- 

verters and their appropriate uses. 

7.1 Linear Conversion 

The optimum use of linear conversion is in applications 

where constant incremental accuracy is desirable. Illustrative 

of these applications are positional measurements; restricted- 

range measurements of analog signals, such as temperature trans- 

ducer outputs; and pulse-height measurements. Some of the fre- 

quently used types of converters are as follows: 

1) Ramp Comparator (Figure 7.1-1). In this technique, a 

precise, linear voltage ramp is compared against the 

voltage to be converted. Pulses from a precision clock 

are gated into a counter at the initiation of the ramp 

until comparison equality has been achieved so that the 

accumulated count is proportional to the voltage input. 

Height-to-Time. This technique is similar to that of 

the ramp comparison method. In this system, a voltage 

proportional to the analog signal to be measured is 

linearly run down to zero. Precision clock pulses are 

gated into a counter between the start of run-down and 

zero crossing. Height-to-time conversion is used for 

short-term analog events where the use of series com- 

mutation and time-consuming run-up comparison voltages 

are impractical. 





3) Voltage-to-Frequency Converter (Figure 7.1-2). 

This technique utilizes an integrator driven from 

the analog input voltage. After its output reaches 

a fixed voltage, the integrator is reset and the 

integration cycle repeats. The period of the inte- 

gration is 

VT CR 
T = seconds, 

v 4 

and the frequency is 

By counting the number of cycles for a known time 

interval, the unknown voltage can be determined. 

This approach has merit where there is a relatively 

long time (10 to 100 msec) available for the measure- 

ment and when a precision time gate is available. 

4) Staircase Comparator (Figure 7.1-3). This system 

introduces gated clock pulses serially into a binary 

counter. The binary number in the counter is D-to-A 

converted so that each successive clock pulse produces 

an equal-increment step-voltage output. This analog 

voltage is compared against the analog input so that 

when comparison equality has been achieved, the clock 

pulses are gated off and the residual binary number in 

the counter is proportional to the input voltage. 

5) Binary Search. This system is similar to the staircase 

comparison system except that it compares through suc- 

cessive approximation. Instead of gating a pulse train 

serially into the counter, this converter successively 





routes the search pulses from the most significant 

counter stage to the least significant stage. The 

D-to-A output is compared against the input, and if 

comparison equality has not been reached, the counter 

, if comparison equality has been stage is set to "1"' 

exceeded, the counter stage is reset to "0". For an 

n-bit conversion, only n search pulses are required 

to perform the complete A-to-D conversion. This sys- 

tem, while more sophisticated and complex than the fore- 

going systems, has a decided speed advantage. 

There is a growing reluctance, where complicated space 

systems are concerned, to transmit low-level analog signals 

between the instrument and spacecraft data processor inter- 

face. As a result, the comparison portion of the conversion 

is often performed in the instrument so that the interface 

data are in pulse form. Three currently used systems are as 

follows: 

1) A-to-PW. In this system the analog signal is con- 

verted to a pulse having a proportional width. Pre- 

cision clock pulses are then gated into a counter 

at the data processor for a duration equal to the 

pulse width. 

2) A-to-PPM. In this variation of A-to-PW conversion 

the instrument transmits a short pulse when the linear 

conversion is complete, the pulse position with respect 

to a conversion initiation command being proportional 

to the analog signal. The transmitted pulse gates off 

the clock pulses to the counter. 

3) Pulse Train. In this system, complete A-to-D con- 

version is performed in the instrument except that 





the gated clock pulses are stored in a data- 

processor counter, which can also be used for 

other functions. 

An important linear system parameter is the con- 

verter resolution, or quantizing uncertainty, which is 

given by 

Resolution = ' loo % of full scale. 
2 (2n-1) 

In terms of other performance parameters, there is consi- 

derable similarity between A-to-D converters and the signal- 

processing electronics preceding the converter. For examples, 

important figures of merit for converter systems are 

1) Scale-factor stability (SF = volts per channel or 

volts per digital number) 

2) Offset stability 

3) Differential linearity 

4) Dynamic accuracy 

7.2 Logarithmic Systems 

Experimenters interested in wide-range quantitative 

measurements are often desirous of maintaining substan- 

tially constant accuracy over the entire dynamic range of 

their measurements. The equation that describes a quanti- 

zation interval that is a constant percentage of the level 

being quantized is an exponential. The quantized output in 
this system is a logarithmic function of the input. 



In specifying A-D conversion requirements for 

their measurementsj many experimenters ask far quantization 

accuracy based on desired resolution at threshold levels or 

relatively small down-scale levels. The fact that linearly 

converted up-scale measurements are consequently made at 

excessive accuracies is generally a useless bonus and tragic 

waste of data bits. In actual spacecraft applications, data 

system design will involve several compromises be'tween average 

user requirements and system constraints, which include com- 

munication bandwidth, weight, power, (etc.). These compromises 

often confront an experimenter with a linear conversion system 

having a fixed number of bits, in which case he must be recon- 

ciled to relatively coarse resolution on down-scale measurements. 

In the cases of experiments producing wide-range data, logarith- 

mic A-D conversion provides an efficient and satisfactory method 

of obtaining required resolution and stability over the entire 

range. 

7 . 2 . 2  Logarithmic Vs. Linear Quantization 

Consider the quantization uncertainty produced by 

an exponential comparison voltage over three decades for the 

various bit conversions shown in Table 7 . 2 . 2 - 1 .  

Table 7.2.2-1 Three-Decade Exponential Analog Quantization 
Uncertainty. 



Now consider Table 7.2.2-2, which describes the 

quantization accuracy of linear conversions of the same bit 

magnitude. 

Bits 

4 

5 

6 

7 

8 

9 

10 

Table 7.2.2-2 Three-Decade Linear Quantization Uncertainty 
(values are listed only where quantization 
interval < - absolute level of scale) 

Note: Vfs = Full-scale Voltage 

The exponential quantization technique stands 

out as a most flexible and accurate tool from the standpcint 

of wide-range measurements. It also overcomes the objection 

to automatic gain changes in instruments that produce sudden 

conversion of a full-scale measurement to a down-scale measure- 

ment upon automatic reduction of sensitivity. Quantization 

uncertainty (or resolution) is virtually constant over the 

entire scale for logarithmic conversion, unlike the huge linear- 

system variations that are graphically illustrated in Table 

7.2.2-2. 

7.2.3 Basic Logarithmic System 

The basic technique described here is one of 

logarithmic height-to-time conversion. A linear input sig- 

nal is compared against an exponential time-base: this compari- 

son produces a clock gate signal whose duration is proportional 



to the logarithiat of the input signal. Two configurations are 

described here, both of which have similar linear counterparts. 

These are 

1) Exponential Run-Up. In this circuit, a positive- 

exponential voltage, starting at a stable refer- 

ence, is compared against the input voltage and 

produces a suitable comparator output when it 

exceeds the input voltage. A train of precision 

clock pulses is gated into a counter between 

start of run-up and comparison equality. The 

flexibility in establishing instrument-data- 

system interfaces should be the same as the 

case of the corresponding linear converter. The 

time (t) elapsed from the start of the run-up to 

the point where it equals the input voltage 

(VIN) is given by 

where 

t =  In 'IN/'REF 

'REF = Reference voltage 

Positive-exponential time-base generators are 

practical devices that have demonstrated their 

stability both thermally and temporally. 

2) Exponential Run-Down. This system,sometimes 

referred to as a logarithmic height-to-time con- 

verter, requires the charging of an R-C circuit 

to the input voltage. The charging is then fol- 

lowed by a negative-exponential run down to a 

preset reference voltage. Once again the elapsed 

time for the comparison is 



One approach toward the production of a stable 

exponential waveform employs the exponential characteristic 

of positive feedback amplifiers. The time-base generator 

shown in Figure 7.2.4-1 is a typical configuration. The 

amplifier is direct coupled and used a matched differential 

pair at the input. There are two external feedback loops; 

a positive loop via R5 and a negative loop via C. For this 

analysis, the gain (A)  is assumed infinite1.y large, and no 

dc amplifier voltage offsets are considered. In this approxi 

mation, V1 and V2 must be equal. 

When the clamp switch (an FET switch) is closed, 

the negative feedback dominates and the output (V3) rests 

stably at a voltage VREF. When the switch is opened, the 

initial current flowing in the R6 divider (formerly supplied 

by the switch) now starts charging the capacitor. The positive 

feedback raises the level of V1 (and consequently V2) and 

thereby increases the charging rate of the capacitor so that 

the output rises exponentially with time as soon as the clamp 

switch is opened. For the component values shown in Figure 

7.2.4-1, the output voltage (V3) is given by 

where t = time after the clamp swith was opened. 

For the infinite-gain approximation, all quantities 

in Equation 7.2-2 are determined by reference voltages, resistors 

and capacitors, and no critical dependence on semi-conductor 

parameters is present. 





7 . 2 . 5  Conversion Stability 

Since the logarithmic converter does not yet 

enjoy wide usage, it seems worthwhile to mention stability 

factors that make logarithmic conversion a practical tool. 

Toward this end, the circuit of Figure 7.2.4-1 and its posi- 

tive-exponential time base is used as a reference. 

7.2.5.1 Time-Base Stability 

Assuming infinite gain and zero delay 

in its generator, the exponential time-base can be described 

by 

The total differential is expressed as follows: 

The fractional error in voltage is given by 

Considering a practical case in which a dual transistor com- 

parator is used in the ramp generator, one could expect a 
-- combined stability of 1.5 mV in reference voltage ( V R E F )  and 



time-base generator offset over a 100-OC temperature range. 

This would contribute * 0 . 7 5 %  absolute error over that tem- 

perature range if VREF = 100 mV. 

As another practical consideration, 

assume a time-base dynamic range bf 100 mV to 32 volts 

(2.5 decades), which represents the range of an existing 

flight converter. For V/VREF = 10, 100, 320, it is calcu- 

lated that t / ~  = 2.3, 4.6, 5.75, respectively. Estimating 

the time-constant instability at 0,4%/100°C, the instability 

in the ramp voltage due to changes in T would be *0.46%, 

*0.92% andi*l.15% at 1, 2 and 2.5 decades, respectively, 

above VREF. Thermal control of critical elements such as 

the feedback capacitor, comparator, and the reference element 

will further enhance the stability of the time base. 

7.2.5.2 Com~arison Stability 

When the discriminator is at its re- 

generation condition, the summing-point voltage is given 

by 

where 

E = input voltage for regeneration 

The change in input voltage, dV4, required to compensate for 

a change in regeneration voltage, d ~ ,  is as follows: 



To establish error magnitude under representative conditions, 

consider d~ to be approximately l mV over a 100-OC temperature 

range and the multiplier value R3tR4, t, be between one and two. 

This would place the error, dV4,R4 between 1 and 2 mV. 

7.2.5.3 Gating Stability 

Errors introduced by system timing 

inaccuracies are calculated as follows: 

If one arbitrarily designates the 2.5-decade quantization 

range as being analyzed in 1 msec, the time constant, T, would 

be determined by 

According to Equation 7.2-8, conversion errors due to rise and 

fall times or other delays are allocated by multiplying per- 

missible errors due to these causes by T. As an example, a 

gate timing-error allocation of '0.5% would require gate 

stability of '0.87 vsec, which is well within the capabilities 

of commercial transistors. 

It has been the intent of this description 

to convey the feasibility of logarithmic analog-to-digital con- 

version in wide-range measurements. Respectable accuracies can be 

furnished at threshold levels of wide-range measurements, without 

the correspondingly large data volume required of a linear system. 



There are several other scale compression methods 

which have been used to obtain down-scale accuracy without 

excessive loss of bits on up-scale measurements. The appro- 

aches generally are similar to one of the linear conversion 

methods, but employ a positive feedback amplifier (Figure 

7.2.6-1) to generate a precision exponential. Methods which 

use the nonlinear characteristics of diodes or transistor 

require careful selection and painstaking matching to obtain 

reasonable accuracy. 

The amplifier A shown in Figure 7.2.6-1 is a diff- 
erential dc amplifier with positive feedback via R2 and negative 

feedback via C. For the following analysis, A will be assumed 

infinitely large, and no dc amplifier voltage offsets will be 

considered. In this approximation V1 and V2 must be equal. 

When the switch (a field-effect transistor) is 

closed, the positive feedback path is shorted out, and the 

output (V3) rests stably at a voltage Vo. The output will rise 

exponentially with time as soon as the clamp switch is opened. 

For the component values shown in Figure 7.2.6-1, the output 

voltage (V3) is given by 

where t = time after the switch was opened. For the infinite 

gain approximation, all quantities in Equation 7.2.6-1 are 

determined by stable voltage, resistors and capacitors, and no 

critical dependence on semiconductor parameters is present. 

By using combinations of positive feedback amplifiers, 

types of compression characteristics can be obtained. 
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8 .0  DATA HANDLING 

There a r e  t h r e e  t y p e s  of  d a t a  a c q u i r e d  f r o m t h e  i n s t r u -  

ment .  The p r imary  d a t a  a r e  t h e  r e s u l t  o f  a  g i v e n  exper imen t .  

The secondary  d a t a  a r e  t h e  i n s t r u m e n t  s t a t u s  i n f o r m a t i o n  r e -  

q u i r e d  t o  r educe  t h e  s c i e n t i f i c  d a t a .  The t h i r d  t y p e  of d a t a  

i n v o l v e s  measurement o f  t h e  envi ronment  i n  which t h e  i n s t r u -  

ment i s  o p e r a t e d .  

I n  a d d i t i o n  t o  t h e  h a n d l i n g o f  d a t a ,  s t e p s  must be  t a k e n  

t o  e n s u r e  t h a t  t h e  d a t a  r e c e i v e d  a r e  a c c u r a t e  and t h a t  t h e  

o p e r a t i o n  o f  t h e  subsys tem i s  normal .  T h i s  f u n c t i o n  i s  p r o -  

v i d e d  by c a l i b r a t i o n  c i r c u i t r y  which s t i m u l a t e s  t h e  s e n s o r .  

The b l o c k  diagram o f  t h e  i n s t r u m e n t  d a t a  sys t em i s  shown 

i n  F i g u r e  8 . 0 - 1  

An a n a l o g  i n t e r f a c e  between t h e  i n s t r u m e n t  and t h e  c a p -  

s u l e  h a s  been e s t a b l i s h e d  because  i t  p r o v i d e s  t h e  most n o i s e -  

f r e e  and e f f i c i e n t  i n t e r f a c e .  The t r a n s f e r  o f  a n a l o g  s i g n a l s  

between i n s t r u m e n t s  and t h e i r  d a t a  h a n d l i n g  equipment  c a n  

r e s u l t  i n  p i c k - u p  due t o  random n o i s e  o r  u n a n t i c i p a t e d  sys tem 

i n t e r a c t i o n s .  The fo rmer  s i g n a l  s o u r c e s  a r e  due t o  e l e c t r o n  

s t a t i s t i c s  and thermodynamics,  w h i l e  t h e  l a t t e r  e f f e c t  i s  t h e  

r e s u l t  of ground l o o p ,  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  and common- 

mode problems.  S i n c e  t h e  o u t p u t  from a  s c i e n t i f i c  i n s t r u m e n t  

g e n e r a l l y  c o v e r s  a b r o a d  r a n g e ,  from minimum t o  f u l l  s c a l e ,  i t  

i s  i m p o r t a n t  t h a t  t h e  low l e v e l  d a t a  be  a s  a c c u r a t e  a s  t h a t  

a t  h i g h  l e v e l s .  The r e s u l t  o f  a  n o i s e  s i g n a l  p i c k - u p  o f  10 

m i l l i v o l t s  a t  an o u t p u t  s i g n a l  l e v e l  o f  50 m i l l i v o l t s  i s  f a r  

more d e l e t e r i o u s  t h a n  t h e  same g i c k - u p  a t  an o u t p u t  s i g n a l  

l e v e l  o f  4 , 0 0 0  m i l l i v o l t s ,  
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Another  i m p o r t a n t  c o n s i d e r a t i o n  i s  t h a t  t h e  u s e  of a 

d i g i t a l  i n t e r f a c e  a l l o w s  t h e  e x p e r i m e n t e r  t o  c a l i b r a t e  h i s  

i n s t r u m e n t  c o m p l e t e l y .  When an ana log  o u t p u t  i s  p r o v i d e d ,  

t h e  expe r imen te r  must c a l i b r a t e  h i s  i n s t r u m e n t  a f t e r  i t  h a s  

been i n t e g r a t e d  i n t o  t h e  s p a c e c r a f t  o r  w i t h  t h e  d a t a - h a n d l -  

i n g  sys t em.  The c a l i b r a t i o n  w i l l  t h e n  have t o  be pe r fo rmed  

under  t h e  l e s s  t h a n  optimum c o n d i t i o n s  which u s u a l l y  p r e v a i l  

a f t e r  i n t e g r a t i o n  has  been comple ted .  These c o n d i t i o n s  a r e  

t h e  r e s u l t  o f  t h e  envi ronment  i n  which t h e  sys tem i s  o p e r a t e d  

and t h e  equipment  which must  n e c e s s a r i l y  be  connec ted  t o  i t  

d u r i n g  t e s t i n g .  I n  a d d i t i o n  t h e  e x p e r i m e n t e r  i s  dependen t  

upon t h e  c a l i b r a t i o n  s t a b i l i t y  o f  equipment n o t  under  h i s  

c o n t r o l .  

For t h e s e  r e a s o n s  t h e  h a n d l i n g  of d a t a ,  except f o r  t h a t  

r e l a t e d  t o  t e m p e r a t u r e  o r  power s u p p l y  v o l t a g e s ,  between t h i s  

i n s t r u m e n t  and i t s  d a t a  h a n d l i n g  equipment  i s  accompl i shed  

through t h e  u s e  of a  d i g i t a l  i n t e r f a c e .  

8 . 1  S c i e n t i f i c  Data 

The s c i e n t i f i c  d a t a  a r e  t h e  r e s u l t  o f  t h e  i n t e g r a t i o n  of 

i o n i z a t i o n  c u r r e n t  u n t i l  t h e  t e r m i n a t e - i n t e g r a t i o n  s i g n a l  i s  

r e c e i v e d  from t h e  l o g i c  m a t r i x .  For t h e  c a s e  where d i r e c t  l i n -  

e a r  i n t e g r a t i o n  has  been pe r fo rmed ,  appl ica t ion  of t h i s  s i g n a l  

s t o p s  t h e  i n t e g r a t i o n  p r o c e s s  and a c t i v a t e s  a  compara to r ,  which 

p u t s  o u t  a  p u l s e  whose w i d t h  i s  p r o p o r t i o n a l  t o  t h e  l o g a r i t h m  

o f  t h e  t o t a l  i n t e g r a t e d - c u r r e n t .  T h i s  c o n t r o l  s i g n a l  opens  a  

g a t e  and a l l o w s  c l o c k  p u l s e s  t o  e n t e r  t h e  s h i f t  r e g i s t e r .  The 

p u l s e s  accumula ted  d u r i n g  t h i s  p e r i o d  r e p r e s e n t  t h e  d i g i t a l  

e q u i v a l e n t  o f  t h e  l o g  o f  t h e  i n t e g r a t e d  c u r r e n t .  

The f r e q u e n c y  of t h e  c l o c k  i n p u t  i s  dependent  upon t h e  

a c c u r a c y  r e q u i r e d  from t h e  i n s t r u m e n t .  The r e s o l u t i o n  i s  depen-  

d e n t  upon t h e  number (n )  of  b i n a r y  d i g i t s  p e r  sample and by 

t h e  t y p e  of c o n v e r t e r  u s e d ,  l i n e a r  o r  l o g a r i t h m i c .  
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8 . 2  S t a t u s  Data 

There  a r e  f o u r  t y p e s  of s t a t u s  d a t a  r e q u i r e d  from t h i s  

i n s t r u m e n t  . They i n c l u d e  : 

a )  b a s e l i n e  c u r r e n t ,  

b)  f eedback  r a n g e ,  

c )  o p e r a t i n g  mode, and 

d )  t i m i n g  i n f o r m a t i o n .  

Data t y p e s  a )  and b )  a r e  r e q u i r e d  f o r  d a t a  r e d u c t i o n .  The 

o t h e r  two d a t a  t y p e s  a r e  used  t o  enhance t h e  v a l u e  of t h e  d a t a  

r e c e i v e d .  

8 . 2 . 1  B a s e l i n e  C u r r e n t  

The b a s e l i n e - c u r r e n t  o u t p u t  d a t a  a r e  used  a s  r e f e r -  

ence  f o r  t h e  s c i e n t i f i c  d a t a .  These d a t a  a r e  a  measure of  t h e  

c u r r e n t  f l o w  g e n e r a t e d  by t h e  i o n i z a t i o n  of t h e c a r r i e r  gas  

a s  i t  i s  consumed by t h e  f l a m e .  T h i s  c u r r e n t  i s  e s s e n t i a l l y  

s u b t r a c t e d  from t h e  i n p u t  by b a s e l i n e - c o m p e n s a t i o n  c i r c u i t r y  

t o  e l i m i n a t e  i t s  c o n t r i b u t i o n  t o  t h e  i n t e g r a t e d  c u r r e n t .  Sampl- 

i n g  of  t h e  b a s e l i n e  c u r r e n t  i s  c o n t r o l l e d  by t h e  r e a d  b a s e l i n e -  

c u r r e n t  command from t h e  l o g i c  m a t r i x .  T h i s  f u n c t i o n  g a t e s  a  

v o l t a g e  p r o p o r t i o n a l  t o  t h e  b a s e l i n e  c u r r e n t  i n t o  t h e  a n a l o g -  

t o - p u l s e - w i d t h  c o n v e r t e r .  The p u l s e  w i d t h  o u t p u t  of  t h e  con-  

v e r t e r  a l l o w s  c l o c k  p u l s e s  t o  e n t e r  t h e  s h i f t  r e g i s t e r .  The 

number o f  p u l s e s  accumula ted  i n  t h e  r e g i s t e r  i s  p r o p o r t i o n a l  t o  

t h e  p u l s e - w i d t h ,  which,  i n  t u r n ,  i s  p r o p o r t i o n a l  t o  t h e  a n a l o g  

v o l t a g e .  I f  a  d i g i t a l  b a s e l i n e  s t a b i l i z a t i o n  sys tem i s  u s e d ,  

t h e  s t a t u s  o f  t h e  c o u n t e r  c o n t a i n i n g  t h e  d i g i t a l  d a t a  w i l l  be 

sampled and t r a n s f e r r e d  t o  a  s h i f t  r e g i s t e r  f o r  r e a d o u t  i n  t h e  

manner i n d i c a t e d  above .  

A d a t a - r e a d y  s i g n a l  i s  s e n t  t o  t h e  d a t a  sys tem immedi- 

a t e l y  a f t e r  t e r m i n a t i o n  of t h e  p u l s e - w i d t h  i n p u t .  The d a t a  a r e  



t h e n  t r a n s f e r r e d  t o  t h e  c a p s u l e  d a t a  sys t em by s e r i a l  o r  

p a r a l l e l  r e a d o u t .  

These d a t a  may be  t r a n s f e r r e d  from t h e  s h i f t  

r e g i s t e r  t o  t h e  c a p s u l e  d a t a  sys t em by s e r i a l  o r  p a r a l l e l  ( b i -  

l e v e l )  r e a d o u t .  

8 .2 .2  Feedback S c a l e - F a c t o r  Data 

The f eedback  s c a l e - f a c t o r  d a t a  i n d i c a t e  which 

e l e m e n t s  were i n  t h e  f eedback  loop  when i n t e g r a t i o n  o f  t h e  

i o n i z a t i o n  c u r r e n t  was t e r m i n a t e d .  When t h e  t e r m i n a t e - i n t e -  

g r a t i o n  s i g n a l  i s  r e c e i v e d ,  t h e  d i g i t a l  l e v e l  of  t h e  f eedback  

s c a l e - f a c t o r  l i n e s  a r e  sampled and t r a n s f e r r e d  t o  s h i f t - r e g i s -  

t e r  3 f o r  r e a d o u t  by t h e  c a p s u l e  d a t a  sys tem.  

Data o u t p u t  can  be  e i t h e r  s e r i a l  o r  p a r a l l e l ,  

depend ing  upon t h e  r e q u i r e m e n t s  o f  t h e  c a p s u l e  d a t a  sys t em.  

8 . 2 . 3  O p e r a t i n g  Mode 

The o p e r a t i n g  mode d a t a  c o n s i s t s  o f  one o r  more 

b i t s  i n  s h i f t - r e g i s t e r  1. I n  F i g u r e  8 . 2 - 1  one i n p u t  i s  u s e d  

t o  i n d i c a t e  t h a t  t h e  sys tem i s  e i t h e r  i n  t h e  normal o r  q u i e s c e n t  

mode, A d d i t i o n a l  i n f o r m a t i o n  such  a s  

a )  f lame o n / o f f ,  

b )  v a l v e s  o p e n / c l o s e d ,  

c )  c a l i b r a t e  1, o n / o f f ,  

d )  c a l i b r a t e  2 ,  o n / o f f ,  and 

e )  p y r o l y s i s  oven o n / o f f  

c o u l d  be added t o  p r o v i d e  a d d i t i o n a l  v e r i f i c a t i o n  of p r o p e r  

o p e r a t i o n .  



The u s e  o f  one b i t  i n  s h i f t - r e g i s t e r  1 t o  i n d i -  

c a t e  t h e  o p e r a t i n g  mode was b a s e d  on t h e  need  t o  know whe the r  

t h e  sys t em migh t  have s h u t  down p r e m a t u r e l y  due t o  i g n i t i o n  

f a i l u r e .  These  d a t a  a r e  t r a n s f e r r e d  t o  t h e  c a p s u l e  d a t a -  

sys t em w i t h  t h e  t i m i n g  d a t a .  

8 $ 2 . 4  Timing Data 

The t i m i n g  d a t a  i n d i c a t e  t h e  c y c l e  p e r i o d  f o r  one 

comple te  expe r imen t .  The s t a t u s  o f  f l i p - f l o p s  i n  t h e  t i m i n g  

a d j u s t m e n t  c i r c u i t  a r e  t r a n s f e r r e d  t o  s h i f t - r e g i s t e r  1 and 

sampled p e r i o d i c a l l y  by t h e  c a p s u l e  d a t a - s y s t e m .  T r a n s f e r  can 

be accompl i shed  e i t h e r  s e r i a l l y  o r  i n  p a r a l l e l .  

8 . 3  Envi ronmenta l  Data 

The o n l y  env i ronmenta l  d a t a  no rmal ly  r e q u i r e d  a r e  t h e  

t e m p e r a t u r e s  of  t h e  i n s t r u m e n t .  T h i s  measurement w i l l  p r o b a b l y  

be made i n  t h e  ana log  p o r t i o n  o f  t h e  e l e c t r o n i c s  s i n c e  t h e y  

a r e  g e n e r a l l y  more s u s c e p t i b l e  t o  t e m p e r a t u r e  v a r i a t i o n s  t h a n  

t h e  d i g i t a l  e l e c t r o n i c s .  

These d a t a  a r e  g e n e r a l l y  a c q u i r e d  and p r o c e s s e d  by t h e  

c a p s u l e  d a t a  sys t em,  independen t  of  t h e  o p e r a t i o n  of  t h e  i n s t r u -  

ment .  

8 . 4  C a l i b r a t i o n  

A t w o - p o i n t  sys tem c a l i b r a t i o n  i s  p r o v i d e d  by c a l i b r a t e  

commands 1 and 2 from t h e  l o g i c  m a t r i x  i n  t h e  programmer. I f  

on ly  one p o i n t  i s  u sed  t o  c a l i b r a t e  t h e  sys t em,  n o n - l i n e a r i t i e s  

on e i t h e r  s i d e  of t h e  c a l i b r a t i o n  p o i n t  may produce  d a t a  which 

a r e  abnormal .  However, i f  two p o i n t s  a r e  used ,  t h e  g e n e r a l  

shape  of  t h e  e l e c t r o n i c s  r e s p o n s e  cu rve  can  be  v e r i f i e d .  S i n g l e  

p o i n t  c a l i b r a t i o n s  do n o t  s i m u l t a n e o u s l y  d i s t i n g u i s h  between 

changes i n  o f f s e t ,  s c a l e  fac:or,  and l i n e a r i t y .  
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To prov ide  two-point  c a l i b r a t i o n ,  t h e  c a l i b r a t e  commands 

g a t e  a  c u r r e n t  p u l s e  of c o n t r o l l e d  magnitude and d u r a t i o n  i n t o  

a  c a p a c i t o r .  This charge i s  t r ans fe r r e ' d  t o  t h e  e l e c t r o n i c s  

i npu t  i n  p a r a l l e l  w i th  t h e  d e t e c t o r .  The r e s d t  i s  an ou tpu t  

p r o p o r t i o n a l  t o  t h e  charge.  C a l i b r a t e - 1  r e s d t s  i n  an ou tpu t  

on t h e  lowes t  s c a l e  of t h e  e l e c t r o m e t e r .  C a l i b r a t e - 2  r e s u l t s  

i n  an  ou tpu t  from t h e  s enso r  e l e c t r o n i c s  a t  t h e  maximum l e v e l  

expected a s  a  r e s u l t  of t h e  d e t e c t i o n  of o r g a n i c  m a t e r i a l .  

The r e a d - c a l i b r a t e  command g a t e s  t h e s e  da t a  i n t o  t h e  

ana log - to -pu l se -wid th  conve r t e r .  The ou tpu t  of  t he  c o n v e r t e r  

i s  handled i n  t h e  same manner a s  s c i e n t i f i c  d a t a .  



9.0 INSTRUMENT PROGRAMMER 

The i n s t r u m e n t  pro.grammer p r o v i d e s  t h e  b a s i c  t i m i n g  

r e q u i r e d  f o r  p r o p e r  o p e r a t i o n .  T h i s  p r i m a r i l y  i n v o l v e s  t h e  

e l e c t r o n i c  and  e l e c t r o m e c h a n i c a l  s equenc ing  o f  sample a c q u i -  

s i t i o n ,  f lame i g n i t i o n ,  v a l v e  a c t u a t i o n  and oven o p e r a t i o n .  

I n  a d d i t i o n ,  t h e  programmer sends  commands t o t h e  s e n s o r  e l e c -  

t r o n i c s  t o  e n s u r e  o p e r a t i o n  i n  synchronism w i t h  t h e  subsystem 

and t h e  l a n d e d  c a p s u l e .  The programmer a l s o  c o n t a i n s  a  mech- 

anism t o  shut-down o p e r a t i o n  i n  t h e  e v e n t  t h a t  t h e  f lame does  

n o t  i g n i t e .  I t  a l s o  p r o v i d e s  a  sample r e c y c l e  mode i n  t h e  

e v e n t  t h a t  t h e  i n i t i a l  sample p r o v i d e d  t o  t h e  p y r o l y s i s  oven 

i s  i n a d e q u a t e .  

A b l o c k  d iagram o f  t h e  i n s t r u m e n t  d a t a  sys t em i s  shown 

i n  F i g u r e  8 . 0 - 1 .  

9 . 1  Timing C i r c u i t r y  

The e l e c t r o n i c  sequenc ing  i s  i n i t i a t e d  b y t h e  a p p l i c a t i o n  

of a n  e n a b l e - a n a l y s i s  command from t h e  s p a c e c r a f t  d a t a  sys tem 

t o  t h e  r e s e t  f l i p - f l o p .  T h i s  a l l o w s  t h e  c l o c k  o u t p u t  t o  e n t e r  

t h e  t i m i n g - a d j u s t m e n t  c i r c u i t r y .  Nominal t i m i n g  i s  e s t a b l i s h e d  

by a p p l i c a t i o n  of  power t o  t h e c i r c u i t .  An i n p u t  t o  t h e  t i m i n g -  

a d j u s t m e n t  c i r c u i t  changes t h e  nominal  p e r i o d  by a  g i v e n  amount 

and ,  i n  a d d i t i o n ,  r e s e t s  t h e  c l o c k  i n p u t  t o  t h e  t i m i n g  a d j u s t -  

ment c i r c u i t r y .  Each s u b s e q u e n t  i n p u t  r e s u l t s  i n  a  change i n  

t h e  t i m i n g  c i r c u i t r y  u n t i l  t h e  p e r i o d  p a s s e s  th rough  i t s  max- 

imum and minimum v a l u e s  t o  r e t u r n  t o  t h e  nominal  s e t t i n g .  The 

t ime  p e r i o d  used  i n  t h e  a n a l y s i s i s  r e a d - o u t  t o  t e l e m e t r y  

immedia te ly  p r e c e e d i n g  each  s e t  of  a n a l y s i s  d a t a .  T r a n s f e r  

of  t h e s e  d a t a  can  be  accompl ished  i n  p a r a l l e l  ( b i - l e v e l )  o r  

t h e y  can  be s h i f t e d - o u t  s e r i a l l y  t o  t h e  l a n d e d - c a p s u l e  d a t a -  

sys t em.  
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An e n a b l e - a n a l y s i s  command must be  s e n t  a f t e r  each  t i m -  

i n g  ad j  u s  tment  . 

9 . 2  Logic M a t r i x  

The l o g i c  m a t r i x  p r o v i d e s  a l l  o f  t h e  sequenc ing  n e c e s s a r y  

t o  per form an a n a l y s i s .  I t s  i n p u t  from t h e  t iming-ad jus tmen t  

c i r c u i t r y  p r o v i d e s  a l l  t h e  t i m i n g  f u n c t i o n s  n e c e s s a r y  t o  p r o -  

p e r l y  i n i t i a t e  and c o n t r o l  t h e  open ing  and c l o s i n g  of  v a l v e s ,  

e l e c t r o m e t e r  o p e r a t i o n  and d a t a  h a n d l i n g .  T h i s i n c l u d e s  t h e  

f o l l o w i n g :  

S i g n a l  

Open v a l v e s  

Open sample e n t r a n c e  v a l v e  

C lose  sample e n t r a n c e  

S t a r t  i g n i t e r  t r i g g e r  

R e s e t  e l e c t r o m e t e r  

S e t  e l e c t r o m e t e r  

S t a r t  p y r o l y s i s  oven 

Data r eady  

D e - e n e r g i z e  p y r o l y s i s  oven 

Close  c a r r i e r  gas  v a l v e  

Termina te  i n t e g r a t i o n  

I n h i b i t  s c a l e  changes 

Read b a s e l i n e  c u r r e n t  

C a l i b r a t e  1 

C a l i b r a t e  2 

Re tu rn  t o  q u i e s c e n t  mode 

Read c a l i b r a t e  

D e s i g n a t i o n  

S i g n a l s  e ) ,  f ) ,  k ) ,  I ) ,  m), n )  and o)  a r e  used  t o  c o n t r o l  

t h e  o p e r a t i o n  of  t h e  e l e c t r o m e t e r .  The f u n c t i o n s  of  t h e s e  



s i g n a l s  a r e  d i s c u s s e d  i n  t h e  s e c t i o n s  of t h i s  r e p o r t  r e l a t i n g  

t o  t h e  e l e c t r o m e t e r  o r  a u t o m a t i c  s c a l e  f a c t o r  c i r c u i t r y .  The 

r emain ing  s i g n a l s  a r e  c o v e r e d  i n  o t h e r  s u b s e c t i o n s  of  t h i s  

s e c t i o n .  

9 . 3  E l e c t r o m e c h a n i c a l  Seauenc ine  

The c a r r i e r ,  o x i d i z e r  and e x h a u s t  v a l v e s  a r e  c o n t r o l l e d  

by t h e  l o g i c - m a t r i x  o u t p u t .  The o p e n - v a l v e s  s i g n a l  o u t p u t  i s  

s e n t  t o  t h e  c a r r i e r -  and o x i d i z e r - g a s  v a l v e s  t h r o u g h  a  g a t e  and 

f l i p - f l o p .  R e s e t  of  t h e  f l i p - f l o p  i s  accompl ished  by t h e  power- 

on r e s e t  s i g n a l  and  t h e  o u t p u t s  f rom t h e  g a s - v a l v e  d r i v e r s .  

The o u t p u t s  of  t h e  g a s - v a l v e  d r i v e r s  a r e  s e n t  t o  t h e  e x h a u s t  

v a l v e  th rough  a  g a t e ,  f l i p - f l o p  and d r i v e r .  The d e l a y  between 

t h e  opening  of  t h e  g a s  v a l v e s  and t h e  e x h a u s t  v a l v e  a l l o w s  t h e  

sys tem t o  p r e s s u r i z e  b e f o r e  be ing  v e n t e d  t o  t h e  M a r t i a n  a tmos-  

p h e r e .  T h i s  e n s u r e s  a  minimum p o s s i b i l i t y  of c o n t a m i n a t i o n  

e n t e r i n g  t h e  sys t em from o u t s i d e  t h e  c a p s u l e .  

The v a l v e s  a r e  c l o s e d  a  f i x e d  t ime  a f t e r  t h e  end  of t h e  

d a t a  a c c u m u l a t i o n - p e r i o d .  T h i s  a l l o w s  t h e  sys t em t o  be f l u s h e d  

b e f o r e  t h e  v a l v e s  a r e  c l o s e d  and t h e  f l ame  e x t i n g u i s h e d .  I n  

t h e  e v e n t  t h a t  t h e  f l ame  does n o t  i g n i t e ,  t h e  v a l v e s  a r e  c l o s e d  

when t h e  o u t p u t  from t h e  d i v i d e - b y - f i v e  c o u n t e r  e n a b l e s  a n  o u t -  

p u t  from t h e  l o g i c  m a t r i x  t o  t h e  i n p u t  g a t e  of  t h e  f l i p - f l o p  

and v a l v e  d r i v e r s .  C los ing  of  t h e s e  v a l v e s  a l s o  r e s u l t s  i n  

t h e  e x h a u s t  v a l v e  b e i n g  c l o s e d .  

9 . 4  Flame I g n i t i o n  

The f lame i g n i t i o n  t r i g g e r  i s  a c t i v a t e d  by t h e  o p e n - v a l v e s  

s i g n a l .  The t r i g g e r  i n p u t  c o n s i s t s  of  c l o c k  p u l s e s  which a r e  

p r e s c a l e d  and t r a n s f e r r e d  t o  t h e  i n p u t  th rough  a  g a t e ,  T h i s  

g a t e  i s  e n a b l e d  by t h e  open c a r r i e r - g a s - v a l v e  command and i n -  

h i b i t e d  by t h e  power-on r e s e t ,  a  d i v i d e - b y - f i v e  c o u n t e r  and 

t h e  b a c k g r o u n d - c u r r e n t  d e t e c t o r .  

9 . 3 - 1  



The d i v i d e - b y - f i v e  c o u n t e r  o u t p u t  p r o v i d e s  an  i n h i b i t  

t o  t h e  g a t e  a f t e r  32  p r e s c a l e d  c l o c k - p u l s e s  have been accumu- 

l a t e d .  T h i s  e n s u r e s  t h a t ,  i f  t h e  f l a m e  f a i l s  t o  i g n i t e ,  t h e  

i g n i t i o n  t r i g g e r  w i l l  n o t  c o n t i n u o u s l y  p u l s e  t h e  i g n i t e r .  The 

c o u n t e r  c a n n o t  accumula te  32 p r e s c a l e d  c l o c k - p u l s e s  i f  t h e  

b a s e l i n e - s t a b i l i z a t i o n  c i r c u i t r y  d e t e c t s  a  q u i e s c e n t  back-  

g r o u n d - c u r r e n t ,  which i s  due t o  t h e  s m a l l  amount of  c a r r i e r -  

gas  i o n i z a t i o n .  I n  a d d i t i o n ,  f a i l u r e  o f  t h e  f lame t o  i g n i t e  

c a u s e s  t h e  sys t em t o  r e t u r n  t o  t h e  q u i e s c e n t  mode. The r e t u r n  

of t h e  sys tem t o  t h e  q u i e s c e n t  mode i s  i n d i c a t e d  by t h e  change-  

of s t a t e  of one b i t  i n  s h i f t - r e g i s t e r  1. 

9 . 5  Sample A c q u i s i t i o n  

The s p a c e c r a f t  p r o v i d e s  b o t h  t h e  a n a l y s i s  e n a b l e - s i g n a l  

and t h e  sample f o r  a n a l y s i s .  A s i g n a l  i s  a l s o  r e q u i r e d  from 

t h e  s p a c e c r a f t  t o  i n d i c a t e  t h a t  a  sample h a s  been  c o l l e c t e d  

and i s  ready t o  be  i n j e c t e d  i n t o  t h e  p y r o l y s i s  oven. R e c e i p t  

o f  t h i s  s i g n a l  e n a b l e s  t h e  s a m p l e - e n t r a n c e  v a l v e  th rough  t h e  

sample -va lve  d r i v e r - c i r c u i t .  The sample - ready  s i g n a l  i s  com- 

b i n e d  w i t h  open s a m p l e - e n t r a n c e  v a l v e  s i g n a l  and t h e n  s e n t  

th rough  t h e  "or"  g a t e  t o  a  f l i p - f l o p ,  which t r i g g e r s  t h e  sample-  

v a l v e  d r i v e r .  T h i s  f l i p - f l o p  i s  i n h i b i t e d  ( r e s e t )  d u r i n g  

power t u r n - o n  t o  p r e v e n t  t h e  s a m p l e - v a l v e  d r i v e r  from o p e r a t i n g .  

An o u t p u t  from t h e  sample -va lve  d r i v e r  i s  f e d  back t o  r e s e t  t h e  

f l i p - f l o p  a f t e r  e a c h  o p e r a t i o n .  

The complement o f  t h e  open s a m p l e - e n t r a n c e - v a l v e  s i g n a l  

i s  a p p l i e d  t o  t h e  "or"  g a t e ,  a  p r e s e t  p e r i o d  a f t e r  t h e  sample  

v a l v e  i s  opened,  t r i g g e r i n g  t h e  f l i p - f l o p  and e n a b l i n g  t h e  

sample -va lve  d r i v e r  c i r c u i t r y .  T h i s  c l o s e s  t h e  v a l v e  and 

c a u s e s  t h e  f l i p - f l o p  t o  b e  r e s e t .  



The a d d i t i o n a l  i n p u t  t o  t h e  "or"  g a t e  d r i v i n g  t h e  f l i p -  

f l o p  i s  o p e r a t e d  i n  c o n j u n c t i o n  w i t h  t h e  p y r o l y s i s  oven. I f  

t h e  sample i n j e c t e d  i n t o  t h e  oven i s  above a  minimum s i z e ,  a n  

o u t p u t  from t h e  oven c i r c u i t r y  w i l l  i n h i b i t  t h e  c l o c k  p u l s e s  

b e i n g  s e n t  t o  t h e  d i v i d e - b y - n  c o u n t e r .  I f  t h e  s i g n a l  t o  

i n h i b i t  t h e  g a t e  i s  n o t  r e c e i v e d  because  t h e  sample i s  below 

t h e  a c c e p t a b l e  minimum, t h e  o u t p u t  of  t h e  d i v i d e - b y - n  c o u n t e r  

w i l l  t r i g g e r  t h e  sample v a l v e .  The v a l u e  o f  "n" w i l l  be  e s t a -  

b l i s h e d  when t h e  sampl ing  r e q u i r e m e n t s  a r e  f i n a l i z e d .  I n  any 

c a s e ,  i t  w i l l  r e s u l t  i n  an o u t p u t  a f t e r  t h e  c l o s e  sample-  

v a l v e  s i g n a l  h a s  been  r e c e i v e d .  

An o u t p u t  from t h e  d i v i d e - b y - n  c o u n t e r  i s  a l s o  s e n t  t o  

t h e  l o g i c  m a t r i x  t o  c a u s e  i t  t o  i s s u e  a  c l o s e  s a m p l e - v a l v e  s i g -  

n a l  a  f i x e d  p e r i o d  a f t e r  t h e  d i v i d e - b y - n  o u t p u t  i s  r e c e i v e d .  

T h i s  w i l l  e n s u r e  t h a t  t h e  e n t r a n c e  t o  t h e  p y r o l y s i s  oven i s  

c l o s e d  d u r i n g  sys t em o p e r a t i o n .  

I f  an  a d e q u a t e  sample i s  n o t  r e c e i v e d  on t h e  second t r y ,  

an  o u t p u t  i s  s e n t  t o  t h e  s u r f a c e  sample r  t o  t e l l  i t  t o  a c q u i r e  

more m a t e r i a l .  The sample - ready  l i n e  d r o p s  t o  a  "zero"  l e v e l ,  

and t h e  i n s t r u m e n t  c y c l e s  u n t i l  t h e  sample a c q u i s i t i o n  i s  s u c -  

c e s s f u l .  R e a p p l i c a t i o n  of t h e  sample r e a d y  s i g n a l  ( a t  a  "one" 

l e v e l )  a l s o  a c t i v a t e s  t h e  e n a b l e  a n a l y s i s  s i g n a l  l i n e ,  c a u s i n g  

t h e  t i m i n g - a d j u s t  c i r c u i t r y  t o  be  s e t  and i n i t i a t i n g  a  new 

a n a l y s i s  c y c l e .  

9 .6 P y r o l y s i s  Oven O p e r a t i o n  

The o p e r a t i o n  of  t h e  p y r o l y s i s  oven i s  c o n t r o l l e d  by t h e  

l o g i c  m a t r i x .  The second o u t p u t  f r o m ' t h e  sample v a l v e - d r i v e r  

c i r c u i t  s e t s  t h e  l e v e l  a t  t h e  i n p u t  g a t e  s o  t h a t  t h e  s t a r t  

p y r o l y s i s - o v e n  f u n c t i o n  can  a c t i v a t e  t h e  h e a t e r .  The p e r i o d  

between t h e  s t a r t  p y r o l y s i s - o v e n  s i g n a l  and t h e  second o u t p u t  



of t h e  sample v a l v e - d r i v e r  i s  such t h a t  t h e  h e a t e r  power a p p l i -  

c a t i o n  w i l l  be i n h i b i t e d  i f  t h e  sample r ece ived  i s  below t h e  

minimum accep tab l e  l e v e l .  I f  an accep tab l e  sample i s  r e c e i v e d ,  

a  s i g n a l  i s  s e n t  t o  t h e  g a t e  a t  t-he i n p u t  of t h e  d iv ide -by -n  

coun te r ,  i n h i b i t i n g  i t .  

The h e a t e r  i s  opera ted  u n t i l  t h e  t e r m i n a t e - i n t e g r a t i o n  

s i g n a l  i s  r e c e i v e d .  This s i g n a l  r e s e t s  t h e  h e a t e r  f l i p - f l o p  

. d r i v e r .  The con t inu ing  flow of c a r r i e r  gas through t h e  system 

purges i t  of t h e  gaseous m a t e r i a l  l e f t  i n  t h e  oven. 



10.0  THE DESIGN OF A FLAME IONIZATION DETECTOR FOR USE ON 

OTHER PLANETS 

The FID i s  among t h e  b e s t  o f  d e v i c e s  f o r  measur ing  t h e  

c o n c e n t r a t i o n  of v o l a t i l e  ca rbon  compounds i n  a  c o n v e n i e n t  

i n e r t  c a r r i e r  g a s .  I t s  d e t e c t i o n  l i m i t  i s  low, 10 -12 
gms 

-1 s e c  . I t  can  be c o n s t r u c t e d  w i t h  a  l i n e a r  dynamic range  o f  
6 10 and h a s  a  r e s p o n s e  t o  d i f f e r e n t  ca rbon  compounds which 

i s  w e l l  e s t a b l i s h e d  and c o n s i s t e n t  o v e r  a  wide r ange  of  o p e r -  

a t i n g  c o n d i t i o n s .  The comple te  i n s e n s i t i v i t y  of  t h e  FID t o  

t h e  f i x e d  g a s e s  and t o  w a t e r  vapor  i s  a  g r e a t  convenience  and 

makes t h e  d e t e c t i o n  of  t r a c e s  of  o r g a n i c  compounds i n  an e x c e s s  

o f  t h e s e  o t h e r  g a s e s  e a s y .  

I t s  drawbacks a r e  a  poor  i o n i z a t i o n  e f f i c i e n c y  ( lo- ' )  

s o  t h a t  f o r  h i g h  s e n s i t i v i t y  a n  e l e c t r o m e t e r  a m p l i f i e r  i s  man- 

d a t o r y ,  and t h e  f a c t  t h a t  t h r e e  g a s  s u p p l i e s  a r e  n e c e s s a r y ;  

c a r r i e r  g a s ,  hydrogen and a i r  o r  oxygen. 

A t  f i r s t  s i g h t  i t  would seem t h a t  t h i s  queen of  d e t e c -  

t o r s  would b e  t h e  one c h o i c e  f o r  t h e  r e l i a b l e  a n a l y s i s  o f  

v o l a t i l e  c a r b o n  compounds i n  p l a n e t a r y  e x p l o r a t i o n  e x p e r i m e n t s .  

The a d a p t a t i o n  of t h i s  d e t e c t o r  t o  an  e x t r a t e r r e s t r i a l  e n v i r o n -  

ment i s  u n f o r t u n a t e l y  a  c o m p a r a t i v e l y  d i f f i c u l t  a l t h o u g h  an  

i n t e r e s t i n g  and c h a l l e n g i n g  problem. T h i s  s e c t i o n  d e s c r i b e s  

such  an a d a p t a t i o n  and t h e  means by which t h e  v a r i o u s  e n v i r o n -  

m e n t a l  problems were me t .  Also  d e s c r i b e d  a r e  t h e  c o n s t r u c t i o n  

and c i r c u i t  c o n n e c t i o n s  of  an e x p e r i m e n t a l  FID f o r  p l a n e t a r y  

p robe  u s e  and t h e  r e s u l t s  o f  i t s  per formance  under  s i m u l a t e d  

a l i e n  c o n d i t i o n s .  



1 0 . 1  The Problem 

On E a r t h  a  f lame i o n i z a t i o n  d e t e c t o r  can  o p e r a t e  w i t h  

a i r  a t  a t m o s p h e r i c  p r e s s u r e  a s  t h e  o x i d i z e r  and under  c o n d i -  

t i o n s  where t h e  e x h a u s t  p r o d u c t s  v e n t  f r e e l y  t o  t h e  a tmosphere .  

A gene rous  e x c e s s  o f  a i r  ove r  t h a t  r e q u i r e d  f o r  combust ion of  

t h e  hydrogen i s  e a s i l y  a v a i l a b l e  and i s  u s u a l l y  20 t i m e s  t h e  

volume f low o f  hydrogen.  T h i s  e x c e s s  f low s e r v e s  t o  s u p p o r t  

e f f i c i e n t  combust ion and d e t e c t i v i t y  and a l s o  t o  c a r r y  away 

t h e  w a t e r  formed d u r i n g  combust ion.  

E a r t h  i s  un ique  i n  i t s  o x y g e n - c o n t a i n i n g  a tmosphere .  

Consequen t ly ,  f o r  o t h e r  p l a n e t s  t h e  scaveng ing  and combust ion  

s u p p o r t i n g  p r o p e r t i e s  of  a i r  f lowmust  be r e p l a c e d  by a  s u p p l y  

of p u r e  oxygen. I t  would be t empt ing  t o  c o n s i d e r  mixing oxy-  

gen w i t h  t h e  p l a n e t a r y  a tmosphere  s o  t h a t  t h e  scaveng ing  f u n c -  

t i o n  a t  l e a s t  c o u l d  be  s u p p l i e d  l o c a l l y .  T h i s  i s  n o t  p o s s i b l e ,  

however,  f o r  two r e a s o n s :  (1) I t  i s  p r o b a b l e  t h a t  d e t e c t a b l e  

g a s e s  ( eg .  CHq) e x i s t  on o t h e r  p l a n e t s ;  ( 2 )  The a t m o s p h e r i c  

p r e s s u r e  of Mars, f o r  example,  i s  f a r  t o o  low f o r  e f f i c i e n t  

o p e r a t i o n .  

I t  i s  t h e r e f o r e  n e c e s s a r y  t o  d e s i g n  an e n c l o s e d  d e t e c t o r  

w i t h  i t s  own oxygen s u p p l y  and ,  a s  w i l l  be  shown l a t e r ,  w i t h  an  

i n t e r n a l  p r e s s u r e  i n  t h e  r e g i o n  of  1000 mb. These d e s i g n  con-  

s t r a i n t s  r e q u i r e  a  d e t e c t o r  c o n s t r u c t i o n  d i f f e r e n t  from t h a t  

which would be  s u i t a b l e  on E a r t h .  The v a r i o u s  problems a r i s -  

i n g  from t h e s e  c o n s t r a i n t s  a r e  now c o n s i d e r e d  i n  sequence .  

(1)  I n s u l a t i o n :  The h e a t  o f  combust ion  and t h e  g e n e r o u s  

f l o w  o f  a i r  i n  an  F I D  on E a r t h  m a i n t a i n  t h e  i n t e r n a l  

r e l a t i v e  humid i ty  a t  a  low v a l u e ,  s o  t h a t  w a t e r  

c o n d e n s a t i o n  on t h e  i n s u l a t o r  s u r f a c e s  i s  r a r e l y  a  

problem.  Temporary f a i l u r e  immedia te ly  a f t e r  



i g n i z i o n  and b e f o r e  t h e  d e t e c t o r  has  warmed up ,  

a l t h o u g h  a v o i d a b l e ,  i s  r e g r e t t a b l y  common i n  

many commercial  d e t e c t o r s .  For t h e  p l a n e t a r y  

problem t h i s  i s  i n t o l e r a b l e ;  y e t  due t o  t h e  h i g h  

i n t e r n a l  h u m i d i t y  more l i k e l y .  

T h i s  probl.em h a s  been s o l v e d  i n  t h e  d e s i g n  shown 

i n  F i g u r e  1 0 . 1 - 1  by e n s u r i n g  t h a t  t h e  w a t e r  e x h a u s t  

from t h e  f l ame  n e v e r  e n c o u n t e r s  t h e  i n s u l a t o r  s u r -  

f a c e s .  Fur the rmore ,  t h e  o n l y  i n t e r n a l  exposure  o f  

t h e  i n s u l a t o r  i s  a t  t h e  oxygen e n t r y  port .  T h i s  

g a s  i s  i n t e n t i o n a l l y  d r y  and c o n t i n u o u s l y  scavenges  

t h e  i n s u l a t o r  s u r f a c e .  

Oxygen Requirement:  The FID g i v e s  t h e  h i g h e s t  d e t e c -  

t i v i t y  w i t h  a  d i f f u s i o n  f l ame  s e a t e d  on a  j e t .  Such 

a  f l ame  r e q u i r e s  a  f l o w  o f  oxygen a t  l e a s t  t w i c e  t h e  

s t o i c h i o m e t r i c  amount f o r  s t a b i l i t y  and e f f i c i e n t  

o p e r a t i o n .  The most economica l  u s e  of  oxygen o c c u r s  

when t h e  f lame burns  i n  a  nar row chimney SO t h a t  

t h e r e  i s  t h e  h i g h e s t  p o s s i b l e  l i n e a r  f low r a t e  o f  

oxygen c o n s i s t e n t  w i t h  keep ing  t h e  f l ame  away from 

t h e  w a l l s  o f  t h e  chimney. (See F i g u r e  10 .1-L)  By 

good f o r t u n e  t h i s  r e q u i r e m e n t  i s  c o n s i s t e n t  w i t h  t h e  

most  e f f i c i e n t  c o l l e c t i o n  o f  i o n s  and hence  t h e  

l a r g e s t  p o s s i b l e  dynamic r a n g e .  I t  a l s o  e n a b l e s  t h e  

d e t e c t o r  t o  f u n c t i o n  i n  any o r i e n t a t i o n  and p r o b a b l y  

a t  z e r o  g r a v i t y .  

The i o n i z a t i o n  e f f i c i e n c y  o f  t h e  d e t e c t o r  i n  F i g -  

u r e  1 0 . 1 - 1  does  n o t  g r e a t l y  improve a t  oxygen f low 

s a t e s  above f o u r  t i m e s  s t o i c h i o m e t r i c .  Two t i m e s  

t h e  s t o i c h i o m e t r i c  v a l u e  produced a p p r o x i m a t e l y  

1 0 . 1 - 2  , 
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50% o f  t h e  maximum e f f i c i e n c y .  An oxygen f low 

r a t e  o f  t h r e e  t o  f o u r  t i m e s  t h e  s t o i c h i o m e t r i c  

v a l u e  i s  recommended. 

( 3 )  I n t e r n a l  P r e s s u r e :  F i g u r e  10 .1-2  shows t h e  v a r i a -  

t i o n  o f  d e t e c t o r  e f f i c i e n c y  w i t h  p r e s s u r e .  The 

v a r i a t i o n  i s  l i n e a r  down t o  50 mb, t h e  l o w e s t  

v a l u e  t r i e d .  The e x a c t  c h o i c e  of  i n t e r n a l  p r e s s u r e  

i s  an a r b i t r a r y  one ,  bu't i n  t h e  i n t e r e s t s  o f  e f f i -  

c i e n c y  s h o u l d  be i n  t h e  r e g i o n  of  1000 mb, T h i s  

i n t e r n a l  p r e s s u r e  i s  e a s i l y  m a i n t a i n e d  by means o f  

t h r o t t l e s  on t h e  i n l e t  and e x h a u s t  g a s .  These 

c o u l d  c o n v e n i e n t l y  be c a p i l l a r y  t u b e  f l o w r e s t r i c t i o n s .  

Such a  p r o c e d u r e  was used  i n  t h e  e x p e r i m e n t a l  t r i a l s  

o f  t h e  d e t e c t o r  w i t h  good r e s u l t s .  

( 4 )  Heat  P r o d u c t i o n :  Under normal  c o n d i t i o n s  an FID 

g e n e r a t e s  20 w a t t s  o f  w a s t e  h e a t .  The d e s i g n  i n  

F i g u r e  1 0 . 1 - 1  was chosen  by t r i a l  and e r r o r  a s  t h e  

s m a l l e s t  i n  which t h i s  h e a t  p r o d u c t i o n  would n o t  

c a u s e ,  a t  maximum hydrogen f low (40 ml/min. NTP) 

and  exposed  i n  a i r  a t  20°C, a  r i s e  o f  i n s u l a t o r  

t e m p e r a t u r e  above 150°C. 

I n  packaging  f o r  i n s t r u m e n t  u s e ,  a  c a r e f u l  e v a l u a -  

t i o n  o f  p o s s i b l e  t e m p e r a t u r e  l i m i t s  under  s p e c i f i e d  

e n v i r o n m e n t a l  c o n d i t i o n s  i s  e s s e n t i a l .  

(51 : The d e t e c t o r  can  be o p e r a t e d  a t  

hydrogen f lows  between 10 and 4 0  ml/min.  NTP. 

20  ml/min. i s  recommended. 

( 6 )  E l e c t r i c a l  Connec t ions :  The complete  e n c l o s u r e  of  t h e  

d e t e c t o r  makes t h e  i n t r o d u c t i o n  of  l e a d - i n  c o n n e c t i o n s  
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t o  t h e  c o l l e c t o r  e l e c t r o d e ,  j e t  and i g n i t o r  d i f -  

f i c u l t  and an u n d e s i r a b l e  s o u r c e  o f  l e a k a g e ,  g a s  

and  e l e c t r i c a l .  

The d e t e c t o r  was t h e r e f o r e  d e s i g n e d  w i t h  a n  o u t e r  

c a s e  and j e t  a t  ground p o t e n t i a l  and w i t h  t h e  c o l -  

l e c t o r  and i g n i t o r  a s  a  s i n g l e  c o n t i n u o u s  m e t a l  

c o n s t r u c t i o n  i n s u l a t e d  a t  a  s i n g l e  p o i n t .  (See  

F i g u r e  10.1-L) Such a  c o n s t r u c t i o n ,  which i s  

r o b u s t  and  r e l i a b l e ,  i s  made p o s s i b l e  by i n c l u d i n g  

t h e  i g n i t o r  and p o l a r i z i n g  p o t e n t i a l  s u p p l i e s  i n  

t h e  e l e c t r o m e t e r  i n p u t  l e a d . .  Both t h e  i g n i t o r  and 

p o l a r i z i n g  s u p p l i e s  a r e  f e d  t o  t h i s  l e a d  t h r o u g h  

PTFE i n s u l a t e d  t r a n s f o r m e r s  w i t h  a i r  c o r e s  o p e r a t -  

i n g  a t  any  c o n v e n i e n t  f r e q u e n c y  between 1 and 

10 MHz.  

( 7 )  I g n i t i o n  and I g n i t i o n  I n d i c a t i o n :  I g n i t i o n  i s  by 

means o f  a  h e a t e d  p l a t i n u m  w i r e  which a l s o  s e r v e s  

a s  a  r e s i s t a n c e  thermometer  i n d i c a t i n g  w h e t h e r  t h e  

f l ame  i s  o r  i s  n o t  l i t .  

So f a r  i g n i t i o n  under  e n c l o s e d  c o n d i t i o n s  h a s  p roved  

t o  be t h e  o n l y  i n t r a c t a b l e  problem. 

The p r e s s u r e  p u l s e ,  a s  t h e  H 2 0 2  m i x t u r e  i n  t h e  d e t e c -  

t o r  e x p l o d e s ,  f o r c e s  t h e  oxygen and e x h a u s t  s t eam 

back i n t o  t h e  j e t  t h e r e b y  d i s p l a c i n g  t h e  hydrogen 

f l o w .  I n s t e a d  o f  smooth i g n i t i o n  t h e  d e t e c t o r  goes  

i n t o  a mode o f  r e l a x a t i o n  e x p l o s i o n s .  These h a r d  

s t a r t s  remind one o f  t h e  s i m i l a r  b u t  g r a n d e r  p r o -  

blems of t h e  "Centaur" moto r .  



The e x p l o s i o n  mode i s  n o t  i n v a r i a b l e  and i s  l e s s  

l i k e l y  t o  o c c u r  a t  h i g h  oxygen f l o w s .  F u r t h e r  

s t u d y  i s  r e q u i r e d  b e f o r e  t h e  d e t e c t o r  can  be con-  

s i d e r e d  c o m p l e t e l y  f i n i s h e d  and r eady  f o r  p l a n e t a r y  

u s e .  

( 8 )  Per formance:  F i g u r e  1 0 . 1 - 3  shows a  chromatogram 

made w i t h  t h e  d e t e c t o r  o p e r a t i n g  a t  510 mm p r e s s u r e  

and  w i t h  a  f l o w  r a t e  of  hydrogen o f  225 ml/min. 

NTP and oxygen 50 ml/min. NTP. Under t h e  c o n d i t i o n s  

t h e  n o i s e  l e v e l  was 10 - I2  amperes* ( 0 - 1  H z  band p a s s )  

and m o s t l y  a t t r i b u t a b l e  t o  s m a l l  p r e s s u r e  f l u c t u a t i o n s .  

The background c u r r e n t  was 4 x  10 -10 amperes which 

i s  r a t h e r  h i g h  and may have  been  due t o  t r a c e  con-  

t a m i n a t i o n  of t h e  oxygen s u p p l y .  The i o n i z a t i o n  

e f f i c i e n c y  i s  i n  t h e  e x p e c t e d  r ange  of l o e 6  t o  l o e 5 .  

10 .2  G e n e r a l  Comments 

There  seem t o  be no  i n s u p e r a b l e  problems p r e v e n t i n g  t h e  

d e s i g n  o f  an e f f i c i e n t  FID f o r  p l a n e t a r y  u s e .  The i g n i t i o n  

problem h a s  s e v e r a l  p o s s i b l e  r o u t e s  t o  i t s  s o l u t i o n ,  such  a s  

o p t i m i z a t i o n  of  Hydrogen and Oxygen r a t i o s .  

We would recommend f o r  p l a n e t a r y  u s e  t h e  c o n s i d e r a t i o n  

of  a l t e r n a t e  d e t e c t o r s  ( eg .  p h o t o i o n i z a t i o n )  s o  t h a t  t h e  

most e f f i c i e n t  and l e a s t  c o s t l y  d e v i c e ,  i n  t e rms  o f  w e i g h t  and 

power, i s  u s e d .  

* Much o f  t h e  n o i s e  i s  b e l i e v e d  t o  come from t h e  l a b o r a t o r y  
equipment  used  f o r  t h e  d e t e c t o r  t e s t s .  

1 0 . 1 - 7  





11.0  RECOMMENDED SYSTEM 

A l l  t e c h n i q u e s  s t u d i e d  i n  t h i s  program a r e  d e s c r i b e d  

i n  p r i o r  s e c t i o n s  of t h i s  r e p o r t ,  and i n  t h o s e  s e c t i o n s  d e a l -  

i n g  w i t h  sys t ems  f e l t  t o  be c l e a r l y  i n a d e q u a t e ,  e x p l i c i t  con-  

c l u s i o n s  have been s t a t e d .  A f t e r  d i s c a r d i n g  s e v e r a l  o t h e r  

t e c h n i q u e s ,  o r  combina t ions  of t e c h n i q u e s ,  a s  b e i n g  o b v i o u s l y  

i n f e r i o r ,  a  c h o i c e  was made between two t r u l y  c o m p e t i t i v e  

s y s t e m s ,  each  hav ing  s p e c i a l  a d v a n t a g e s .  The sys t em which 

has  been s e l e c t e d  and d e s c r i b e d  i n  s u b s e c t i o n s  11.1 and 1 1 . 2  

c o n t a i n s  t h e  f o l l o w i n g  two prominent  and o v e r r i d i n g  f e a t u r e s :  

1 )  Automat ic  r a n g i n g  i s  n o t  r e q u i r e d .  

2 )  A n a l o g - t o - d i g i t a l  c o n v e r s i o n  i s  per formed w i t h i n  t h e  

c u r r e n t - m e a s u r i n g  f eedback  l o o p .  

Th i s  sys tem and i t s  a s s o c i a t e d  a d v a n t a g e s  a r e  now d e s c r i b e d  

i n  d e t a i l .  

11.1 Recommended S i g n a l - P r o c e s s i n g  System 

The a n a l y s i s  of  e l e c t r o m e t e r s  and e l e c t r o m e t e r  sys t ems  

p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n s  l e a d s  t o  a  d e f i n i t e  c o n c l u -  

s i o n :  I f  i n p u t  l e a k a g e  c u r r e n t s  of  t h e  o r d e r  of  10 - I 2  A a t  

room t e m p e r a t u r e  a r e  a c c e p t a b l e  f o r  sys tems o p e r a t i n g  on t h e  

M a r t i a n  s u r f a c e ,  where t h e  d a i l y  t e m p e r a t u r e  r a r e l y  r e a c h e s  

20°C, t h e n  t h e  d i g i t a l  i n t e g r a t i n g  e l e c t r o m e t e r  a n a l y z e d  i n  

S e c t i o n  4 . 3  i s  t h e  most d e s i r a b l e  c h o i c e ,  because  i t  p o s s e s s e s  

7 o r  8 decades  of dynamic r a n g e  w i t h o u t  r a n g e  swi tch ing .  The 

d i g i t a l  o u t p u t  of t h e  d e v i c e  may be  coun ted  by a  s t r a i g h t  b i -  

n a r y  c o u n t e r  (8  decades  = 2 7  b i t s ) ,  a dec ima l  c o u n t e r ,  o r  may 

be d i g i t a l l y  compressed,  f o r  example,  by u s e  o f  a  l o g a r i t h m i c  

c o u n t e r .  

1 1 . 0 - 1  



The same d e v i c e ,  u s i n g  commercial  p a r t s  and w i t h o u t  

spaceworthy p a c k a g i n g ,  s h o u l d  be used  a s  a  l a b o r a t o r y  e l e c t r o -  

m e t e r ,  s i n c e  t h e r e  i s  no p o i n t  i n  d e s i g n i n g  two d i f f e r e n t  k i n d s  

of sys t ems .  D i g i t a l  r e a d o u t  and c o n t r o l  m e c h a n i z a t i o n  w i l l  o f  

c o u r s e  be  d i f f e r e n t  f o r  t h e  l a b o r a t o r y  i n s t r u m e n t .  

A b l o c k  d iagram of  t h e  comple te  e l e c t r o m e t e r  s e c t i o n  i s  

shown i n  F i g u r e  1 1 . 1 - 1 .  The sys tem i s  t h e  same a s  t h a t  shown 

i n  F i g u r e  4 . 3 - 1 ,  e x c e p t  t h a t  t h e  p o s t a m p l i f i e r  w i l l  p r o b a b l y  

n o t  be r e q u i r e d .  

The b a s e l i n e  s t a b i l i z a t i o n  may be pe r fo rmed  by a n a l o g  

methods a s  d e s c r i b e d ,  f o r  example,  i n  R e f e r e n c e  4 . 3 . 2 - 1 .  A l t e r -  

n a t i v e l y ,  one may u s e  t h e  d i g i t a l  method shown i n  t h e  f i g u r e ,  

which has  t h e  advan tage  t h a t  t h e r e  i s  no decay  of  t h e  c o r r e c t i o n  

d u r i n g  t h e  p e r i o d  of  o b s e r v a t i o n .  A l so ,  t h e  o u t p u t  of t h e  i n s t r u -  

ment i s  i n h e r e n t l y  d i g i t a l ,  s o  t h a t  d i g i t a l  b a s e l i n e  s t a b i l i z a -  

t i o n  and i t s  s p e c i a l  advan tages  can  be  a c h i e v e d  more s i m p l y  

t h a n  t h e  d i g i t a l  s t a b i l i z i n g  sys tem d i s c u s s e d  i n  S e c t i o n  6 . 0 .  

I n  t h e  t e c h n i q u e  i l l u s t r a t e d  i n  F i g u r e  4 . 3 - 1 ,  t h e  b a s e -  

l i n e  i s  s t a b i l i z e d  by a l l o w i n g  t h e  i n s t r u m e n t  t o  c o u n t  f o r  a  

s h o r t  t i m e .  The accumula ted  c o u n t  i s  p r o p o r t i o n a l  t o  t h e  

d r i f t .  A b a s e l i n e  c u r r e n t  c o r r e c t i o n ,  w i t h  r e s o l u t i o n  compar- 

a b l e  t o  t h e  minimum feedback  c u r r e n t ,  i s  a p p l i e d  by u s i n g  a  

d i g i t a l - t o - a n a l o g  c o n v e r t e r  t o  a p p l y  a s t a b l e  v o l t a g e  t o  t h e  

l a r g e - v a l u e  r e s i s t o r .  I t  may be shown t h a t  t h e  c o u n t i n g  r a t e  

produced by t h e  i n i t i a l  d r i f t  w i l l  decay  e x p o n e n t i a l l y  t o  

z e r o .  

The r a t e m e t e r  and r e c o r d e r  shown p r o v i d e  a n  o u t p u t  p r o -  

p o r t i o n a l  t o  c u r r e n t  f o r  making chromatographs  s u i t a b l e  f o r  





c o n v e n t i o n a l  g r a p h i c a l  p r e s e n t a t i o n .  The r a t e m e t e r  may be 

l i n e a r  w i t h  manual r a n g e  s w i t c h i n g ,  o r  l o g a r i t h m i c .  

The sys tem shown p r o v i d e s  o n l y  one s i z e  o f  f eedback  

c h a r g e  and b a s e l i n e  c o r r e c t i o n ,  under  t h e  a s sumpt ion  t h a t  t h e  

d e t e c t o r  b a s e l i n e  c u r r e n t  w i l l  g r e a t l y  exceed  a m p l i f i e r  and 

s w i t c h  l e a k a g e s .  If  t h i s  assumpt ion  p roves  t o  b e  u n j u s t i f i e d ,  

b o t h  s i z e s  o f  f eedback  may be used  w i t h o u t  a  p r o h i b i t i v e  i n -  

c r e a s e  i n  c o m p l e x i t y .  

T y p i c a l  sys tem p a r a m e t e r s  a r e  l i s t e d  i n  T a b l e  11.1-1. 

1 t  s h o u l d  be emphasized t h a t  t h i s  a lmos t  e n t i r e l y  d i g i -  

t a l  sys tem i s  made p r a c t i c a l  by modern i n t e g r a t e d - c i r c u i t  t e c h -  

no logy .  By t h e  t ime  t h e  o p p o r t u n i t y  t o  l a n d  such  an i n s t r u -  

ment on t h e  s u r f a c e  of  Mars p r e s e n t s  i t s e l f ,  t h i s  t echno logy  

w i l l  have advanced t o  t h e  p o i n t  where most of t h e  sys tem com- 

p o n e n t s  w i l l  be packaged i n  on ly  a  few i n t e g r a t e d  u n i t s .  Cus- 

tom i n t e g r a t e d  c i r c u i t  d e s i g n  w i l l  have advanced t o  t h e  p o i n t  

where s p e c i a l i z e d  d e v i c e s  can  be made w e l l  w i t h i n  t h e  b u d g e t a r y  

c o n f i n e s  of a  s i n g l e  e x p e r i m e n t .  F i n a l l y ,  f i e l d - e f f e c t  t r a n -  

s i s t o r  t e c h n o l o g y ,  p a r t i c u l a r l y  t h a t  o f  l o w - n o i s e  i n s u l a t e d  

g a t e  d e v i c e s ,  w h i l e  a d e q u a t e  f o r  t h e  p roposed  sys t em,  s h o u l d  

have advanced t o  such  a  p o i n t  t h a t  t h e  dominant sys tem e r r o r s  

w i l l  be produced e n t i r e l y  by t h e  d e t e c t o r .  A l a b o r a t o r y  i n s t r u -  

ment ,  u s i n g  p r e s e n t l y  a v a i l a b l e  commercial  components,  may 

now be d e s i g n e d  and b u i l t  a f t e r  which f l i g h t - t y p e  d e s i g n s  o f  

s i m i l a r  c o n f i g u r a t i o n s  c o u l d  be p roduced .  



Maximum I n p u t  Charge 

Minimum I n p u t  Charge 

Maximum S i g n a l  C u r r e n t  

Minimum S i g n a l  C u r r e n t  

Obse rv ing  Time 

I n t e g r a t o r  S a t u r a t i o n  V o l t a g e  

D i s c r i m i n a t o r  T h r e s h o l d  

B a s e l i n e  C u r r e n t  

R e s i d u a l  B a s e l i n e  C u r r e n t  
( a f t e r  c o r r e c t i o n )  

T h r e s h o l d  Charge 

Feedback Charge ( r e s o l u t i o n )  

Feedback Capac i ty  (Qt/Vt) 

R e f e r e n c e  Vol t age  

R e f e r e n c e  Vol t age  S t a b i l i t y  (lOO°C) 

Charge P u l s e r  C a p a c i t o r  

Feedback Frequency 

Accuracy 

T a b l e  1 1 . 1 - 1  

1 0 - l 2  C 

2 x 10 -12  

10 pF 

0 . 1  v 
-u 1 mV 

20 pF 

100 KHz 

5 % 

T y p i c a l  System Paramete r s  Recommended f o r  E l e c t r o m e t e r  



11.2 Laboratory Programmer and Data Handling System 

A laboratory instrument-programmer would retain many 

of the functions included in the flight-instrument design. 

Included are: 

a) commands to the electronics, 

b) timing adjustment , 
c) clock data handling, 

d) ignition trigger, and 

e) heater driver. 

The functions of these commands would be identical to those 

of the flight instrument. 

The inputs normally received by the flight instruments 

from the capsule would be replaced by alternate mechanizations. 

For example, the step-timing command could be a momentary- 

contact switch suitably buffered from the timing adjustment 

circuitry to preclude false triggering due to contact bounce. 

This same mechanization could also be used for the enable- 

analysis command. Bit-sync input could be eliminated since 

the instrument clock is not required to operate in synchronism 

with any other piece of equipment. 

Shift-register 1 would be replaced by a set of lights to 

indicate the particular timing sequence and the operating mode 

of the instrument. In addition, a printer output could be 

added to provide a permanent data record of the timing of a 

given experiment. 

The command sequence would be indicated by lights. Each 

time a command was issued, a lamp ?vould light, indicating that 

a command had been sent and indicating progression of sequencing. 

The data-handling mechanization would be identical to 

that used in the flight instrument except that the data-ready 

signal would activate a printer. The data would be sampled 



and recorded by the printer upon receipt of this signal. The 

sequence used in printing the data would be 

a) mode and timing adjustment, 

b) calibrate 1, 

c) calibrate 2, 

d) scientific data, and 

e) scale-factor information, if required. 

This would ensure that all data logged are correlated. An 
additional option could be provided to indicate the date 

and time of experiment initiation, if desired. 

Leaving the igniter and heater controls in the laboratory 

instrument would allow more precise control over timing of 

these functions than could be achieved using manual techniques. 

Since the timing of the experiment is dependent upon flame 

ignition and connection of the background or baseline current, 

it is essential that both ignition and heater-power application 

be closely controlled. The timing adjustment circuitry 

primarily controls the period following the connection of 

baseline current, the application of power to the pyrolysis 

oven and the termination of integration. The interval between 

each of these operations can be controlled individually to 

give the widest possible flexibility to experimental operation. 
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Fig. 51. Microwave radiometer phase shift circuit, demodulator, and DC integrator amplifier 

Because of the high over-all gains involved (approxi- felt, as a result, that a basic improvement has been 
mately lo'), gain tests for the entire post-RF electronics achieved for this system in stability of gain, phase, DC 
are 110t feasible due to pickup problen~s, but gain varia- operating points and over-a]l circuit reliability. 
tions shonld be approximately the sum of the gain 
changes (measured in db) of the preamplifier and the 
remainder of the system. The over-all gain variations 
determined by this method are +0.3 db and -0.45 db. 
This is within the required 2 0 . 5  db. The worst-case 
phase shift as calct~lated by assuming all variations in the 
same direction produces a total phase variation of about N. Gas Chromatograph 
t 6  deg, well within the requirement of 410 deg. l nstrumentation 

Preliminary tests on the crystal show that besides im- 
pedance variations, the sensitivity vaiies about 20% as 
well. A large sensitivity change inakes it difficult to 
determine if the post-RF electronics maintains the proper 
gain stability \vhcn the crystal is included in the system. 
Phase stability, noise and pickup interference, and output 
DG drift, however, can be deter~nined independent of 
detector parameter variations. 

Development 

TIlis report describes those aspects of instrument tech- 
xlology developed recently that will be applicable in 
future flight-type gas chromatographs for analysis of 
planetary atmospheric composition and biological organ- 
ics. The principal subjects discussed here are as foPEows: 
(1) laborato~y chromatograph, (2) calibration of cross- 
section detector, (3) linear-logarithmic ejeckometes, 

The obtained thus far show that the post-RF (4) linear automatic scale changing electrometer, and 
electrotlics will meet all the design requirements. It is (5) automatic baseline compensation. 
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I. Laboratory Chromatograph 

The c1~rom;itogr;ipli (Fig. 5'7) consists of a \talve that 
injects a sample into each of t\\'o parallel col~imns. A 
c;ipillary restrictor in scrics \\lit11 one column delays its 
output to the detector till the other ccltrmn 1x1s completed 
its scpnrntions. The s).stcm uses a cross-section detector 
wit11 hrlirim as the carrier gas, and the output current is 
measurccl \vith n inodificd .\l(irinc~r 19fi2 Solar Plasina Ana- 
lyzer clcctromcter (Fig. 53).  The otltput of the elec- 
trometer is fcd into \\rave-shaping circuits and from there 
into a one-shot mrilti\librator, The multivibrator triggers 
a printer that records the retention time and peak ampli- 
tude of the electrometer output. In a flight instrument 
application, ho\vever, more serious thought would be 
given to a measurenlent of the area under the chromato- 
gram peak rather than its amplitride in anticipation of 
providing more reliable quantitative information. 

The principal changes made to the Mariner electrom- 
eter \\,ere the addition of a lot0 ohm resistor in the pri- 
mary feedback (Fig. 53) and reduction of secondary 
feedback for currents below 10-lo a. The resistor was 
added to permit the electrometer to be forced to zero by 
the self-zeroing system. The o11m value \\.as deter- 
mined by considerations dcscribcd later in this section 
( 3 .  Baseliilc C o n ~ p o u a t i o i ~ ) .  The secondary feedback 
modification improved the respoilse of the electrometer 
to the lo\\? currents. The voltage-current characteristic for 
the combined logarithnlic-resistive feedback electrometer 
is shown in Fig. 54. 

2. Calibration of Cross-Section Detecfor 

Good quantitative infoni~ation as \\.ell as qualitative 
data on the separated gases requires that both the detec- 
tor and electrometer amplifier be calibrated. The detector 
calibration (Fig. 55), as rccommended by Dr. J. Lovelock 
(Ref. 33) of the Raylor lledical School, was accomplislied 
as follo\+.s: Wit11 the carrier gas flow rate precisely known 
and controlled, the background current 1 4  was nulled to 
about 10-12 amp. The carrier gas \\?is then disconnected, 
and the test gas (ir, this case N,) \tras allo\ved to flow 
through the detcctor for about 2 min. This is necessary 
to ensure that the dilution vcpssel (Fig. 53) contains only 
the pure test su1)stance. The test gas source is then re- 
p1;iccd by the carrier gas sorirce by means of a three-\tray 
valve. The carrier gas then begins to combine with the 
test gas in the dilution chamber. Tlie two gases ]nay Ile 
consitfered a homogeneous mixture since they are con- 
stantly being agitated by a magnctic stirrer. The per- 
cent;ige test gas in the rcsrilting o~itput froin the diltition 
\~cssel \vill decay ; ~ t  an espoiicntial r:tte. This decay, as 

inensured by the electrometer amplifier, is plotted on a 
rccortlc.r (Fig. 56) \vhicI1 providcs the detector calibration. 
The clcctromcter cali1)ration is then accomplished by 
injecting precisely kno\vn currcnts into the surnining 
point nnd rccoi.ding the correspondiltg output voltage. 

Thc cu1il)ration rurve provided by the recorder may 
now be plotted, \vith the correction provided by the 
elcctroineter calibration, on semilog paper (Fig. 57). The 
non-Iinc~arit~ ol)scrvable at the higher concentrations was 
due to the a1)sorl)tion of some of the lower energy par- 
ticles by tlie test gas. The use of a higher,energy source, 
\\.hich \\.auld be the case in a flight instrument applica- 
tion, \trould eliminate this problem. 

The calil~ration procedure consists of correlating the 
concentration and current desdy eqriations which are 
given by 

U c '= cot-i;' (1) 

and 
I  = Io~-'"' (2) 

\vherc: C,, is the initial concentration (100%), u the flow 
rate, L: the dilution vc,ssel \.olume, and I  the output cur- 
rent of thc detector. \i:llere the detector characteristic is 
initiillly lion-linear, the current I ,  must be obtained by a 
straight-line cstrnpolation of the semilog plot to the inter- 
cept of the ordinate ( t  = 0). The proportionality between 
concentration and current on the linear portion of the 
detector characteristic may then be written 

C I - = -  
Co I , '  

The measured slope 

(logi, - logi,) 
in = 2.303 

t* -- tl  
ant1 t11e theoretical slope t r / t ;  can be compared to deter- 
mine the accuracy of the measurement. 

3. Baseline Compensation 

a. Zttirocluction. Xfost sensitive ionization detectors 
used with gas chromatographs possess a quiescent cur- 
rent large compared to the clirrents produced by eluted 
samples. Since this quiescent current is dependent on 
tcmperatiwe, pressure, and ionization sorrrce intensib, 
the currcrit cannot be assumed to remain fixed over long 
pc>riods of time. Therefore, measurement of small con- 
centrntions of gas by a planetary-type instrument, after 
the long prriod of transit to tlie planet, requires auto- 
matic haselinc compensation. 
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ELECTRONICS 
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TO ATMOSPHERE 
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Fig. 52. Planetary atmospheric gar chromatograph model 

ELECTROMETER AND BASELINE STABILIZATION PEAK DETECTION ELECTRONICS 
ELECTRONICS 
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Fig. 53. Gas chromatograph signalyprocesoing alecfrsnics 
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OUTPUT VOLTAGE, v 

Fig. 54. Volt-ampere characteristic of logarithmic- 
resistive feedback electrometer 

in the detector the electrometer output voltage approaches 
zero. Thus: 

where Id is the quiescent detector current. 

In constructing such a system, several points must be 
considered. First, the rnasimuln value of i, which is re- 
quired determines the dynamic range of the zero com- 
pensating system. Second, the accuracy to which the 
output must equal zero determines the gain, resolution, 
and stability of the zero compensating system. Third, the 
speed of response is partly determined by requiring that 
large peaks should not cause baseline shifts in excess of 
the allo\ved accuracy of the zero setting. 

h. At~alysis. Assuming that none of the amplifiers sat- 
urate, the response of the output to a detector current, 
id, is given by 

where 

and p is the Laplace transform variable. For values of 
A,  large enough to make the summing point (P) a virtual 
ground, Eq. (3) may be rewritten 

The block diagram of a linear automatic system built vou, - vo = - ia R,1 (pr + 1 )  
and currently in operation at JPL is shown in Fig. 58. pz + A; + 1 (4) . 

This approach is similar to one suggested in a study 
program for a hlartian atmospheric gas chromatograph "here 

(Ref. 33). An electrometer amplifier (A,) with a feedback 
resistor, R,,, measures the current entering the summing A: = Rf l  A,. 
point (P). If A, is sufficiently large that the summing 

RJ* + RI, 

point can be approximated as a virtual ground, then T11b.i slo\v cllanges in i ,  are reduced by a factor of 
1 -t A:, and the c-' speed of response is given by 

The zero compensating technique consists of adjusting i ,  The response of such a system to a linearly rising cur- 
by means of feedback so that when only carrier gas flows rent of the form i d  = kt, where k is in units of amp/sec, 



JPL SPACE PROGRAMS SUMMARY NO. 37-20 

SAMPLE 
GAS 

Fig. 55. Detector calibration system for permanent gases 

may be  expressed respectively in complex and real-time [Vout - V.] = - 
( terms as foBows: 

For times long compared to 7, and for A', > > 1 
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FIXED CURRENT 
BUCKING SUPPLY 

TIME, min 

Fig. 57. Cross-section detector calibration with 
automatic scale switching electrometer 

The above analysis holds for small, slow variations of 
the detector current. However, during peaks, whose 
widths are short compared to T, the fast variations will 
usually cause the amplifier A, to saturate. If T is long 
compared to the total time during which peaks are ap- 
pearing, then the voltage across the capacitor (AV,) is 
determined by the saturation voltage of A, (V,) and the . 

fraction (?) of the time that the peaks cause the amplifier 
to saturate. 

Assuming in this design that the amplifier, A,, is 
limited by current and voltage saturation at zero and 
- t V ,  volts, respectively, the capacitor will then charge 
as follows after a time, T, of peaks: 

.where I ,  is the capacitive charging current. 

In the general case, the charging currents may be wriHen 

v, I c ( + )  =- - v c o  
Rf3 + R J ~  

RIJ RI, Rf2 

Fig. 58. Linear feedback with a low-pass filter 

where V,., is the capacitor voltage at the start of the 
chromatogram. For the case of balanced operation where 

and 

Under this condition, the capacitor voltage is given by 

If I , , , i ,  represents the minimum peak current to be re- 
solved, the current resulting from the capacitor charging 
should not exceed I,*in. For a balanced condition this 
current is 

AVcb - I , = -- man 
VE Tt, , 

Rf 2 2Ri3 Rf2 C 

The lnaximum correction current (I , , )  that t l ~ e  jrxro com- 
pensation system can supply is 

Therefore 

e. Laboratory model. The block diagram of a labora- 
tory system coniaiiling an automatic scale changing 
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electrometer and baseline stabilizer is shown in Fig. 59. 
ln this system 

fi~lcw,, = 10'O ohms 

RI? = RII = 5 X lo9 ohms . 

V, = 15 volts. 

The drift compensation available from the circuit when 
balanced is k0.75 X lo-' amp. Long-term drifts of this 
magnitude \.:auld then be reduced to k0.75 X 10-l2 amp. 
Columns requiring 2 minutes for a complete analysis, as 
an example, would produce an error current (Z,i,) of 
1.8 X lo-" amp if 7 were 100%. The cross-section de- 
tectors currently in use in our laboratory chromatograph 
are estimated to have a five-decade range of signal cur- 
rent superimposed on the baseline. The maximum and 
threshold levels are usually functions of detector satura- 
tion and noise, respectively. The total detector current is 
givetl by 

where I ,  is the current arising from the sample, and 
typically 

If the baseline were assigned a representative value of 
amps., the threshold would then be 3 X amp. 

The automatic zeroing circuitry used in a 2-min column 
application would therefore preserve at least 4 decades 
of range in an automatic analysis in which only peak 
heights or ~ e a k  areas were monitored. 

Improvement of circuit thresholds requires variation 
of parameters that may alter the stability of the system. 
Referring to Fig. 60, the feedback factor (F) for the en- 
tire loop may be expressed approximately as follows: 

where +, = Ell C,, and F ,  is the eleebometer feedback 
factor. In the circuit of Fig. 59, the electronleter is band- 
width limited so that the dominant time constant is pro- 
vided by the term F,/(l - F , )  and would be about 100 

Fig. 59. Block diagram of automatic scale switching 
electrometer.with baseline stabilization 

Fig. 60. Circuit for calcuiating loop transmfssion 

msec. With A; = 1000 and + = 5000 sec, the loop gain 
margin is 34 db. Increasing Rf, by a factor of 10 raises 
A; also by a factor of 10 and decreases the electrometer 
bandwidth so that most of the gain margin is expended. 
Increasing R,, and Rj3 by a factor. of 10 would restore 
the margin although the range of drifts that the zero sys- 
tem could accommodate would then be reduced by a 
facfoor of 10. 

\Vhen a chromatogram has been compietedl, the bae- 
line circuitry will require IIT seconds to restore the elec- 
trometer if the system were balanced at the outset. 
Provision for fast restoration at the end of a sample 
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analysis has been ~nade by the inclusion of a lower-value 
s~vitchnble resistor in para!le! with Rf, ,  

The scale shanging electrometer is similar to a design 
generated for the experimental ilfarimr Plasma Instru- 
ment by J. La\vrence. The design of the automatic scale 
factor device is discussed in SPS 37-14, Vol. VI, pp. 38- 
10. In its present configuration (see Fig. 61), the circuit 
contains 3 automatically s\vitched feedback resistors 
enallling the electrometer to handle 7 decades of current 
between lo-'? and amp. Speed of response on the 
low-current range (R,,  = 101° ohms) is about 100 msec, 
which makes the electrometer a useful device in monitor- 
ing outputs of fast capillary columns. 

4. Summary 

The electronic instrumentation described in this paper 
represents a reduction to practice of many significant 
chromatographic measurement requirements. The labo- 
ratory experimenter concerned with making rapid, effort- 
less measurements now has at his disposal the following 
new tools: (1) automatic stabilization of electrometers 
against detector baseline drift, and (2) electrometers hav- 
ing n combination of stability, speed of response, and 
automatic dynamic range not commercially available. 
The laboratory chromatograph d.*scribed here is a con- 
venient location for the insertion and examination of new 
elements such as columns and detectors. In time, labo- 
ratory elements such as valves, actuators, ovens, and 
other auxiliary devices \vill be replaced by miniature 

Fig. 61. Photograph of experimental model of  automatic 
scale switching electrometer w i t h  baseline 

stabilization 

Io\v-po\\~er electromechanical substitutes as the develop- 
ment progrilrn approaches the flight instrument phase. 

The authors \\.is11 to thank Dr. S. R. Lipsky, Dr. James 
Lovelock, and Gerald Shoemake, scientists working on 
gas chromatography under NASA grants, for their con- 
tinued advice and assistance. 
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SPACE SC ENCES 

X. Space nstruments Development 

A. A Capacitor Storage Scheme 
for Gas Chromatograph Detector. 
Quiescent Current Compensation 

J.  H.  Marshall 

B I Infroduction 

Because the quiescent current of an ionization detector 
used in a gas chromatograph does not remain constant 
for long periods of time, some form of automatic base- 
line stabilization1 is required for spacecraft applications. 
This report describes a system in which current from a 
capacitor storage cancels the detector quiescent current 
at the electrometer input. This technique is applicable to 
chroinatogranls lasting as long as 30 min with p a k s  as 
small as 10-l2 amp superimposed on baseline shifts of 

amp. 

2. General Descriptiors 

A functional block diagram of a proposed electrometer 
system for a s p a c ~ r d t  gas chromatograph is s h o w  in 

J. 13. hfarshali, "Gas Chromatograph Detector Quiexent Guneat 
Drift Compensation,'' JPL interoffie Technical Memorandum, 
December 5, 1962; SPS 37-20, Vol. IV, p. 169; SPS 37-22, Vol. 
IV, p. 213, 

Fig. 1. The system -consists of an ionization detector; a 
dynamic capacitor electrometer (Ref, 1) with automatic 
scale switching (SPS 37-23, Vol. IV, p. 245); fixed and 
variable quiescent current bucking supplies; and control 
logic. 

For a spacecraft mission, the fixed-current bucking 
supply is adjusted on the Earth to null out the then 
present detector quiescent current. When the spacecraft 
reaches its destination, and while only carrier gas Bows 
in the detector, the reed switches labe!led roo< are 
closed, and the electrometer is placed on its most sensi- 
tive scale (feedback resistor = 1010 a). The comparator 
amplifier then adjusts the variable bucking current so 
that the electrometer output approaches zero according to 

where 

V, -- electrometer output voltage with the loop 
switches closedl 

bo = detector cunent minus the fixed bucking current 
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OUTPUT 

IONIZAT~ON 
DETECTOR 

PROGRAM START 

- - -  

FIXED CURRENT 
BUCKING SUPPLY 

COMPARATOR 

- 
- - - - - - -  

I. ALL CAPACITORS MUST HAVE LEAKAGE 
RESISTANCES IN EXCESS OF l 0 I 2 Q  

RESISTORS SELECTED SUCH THAT T H E  
TEMPERATURE COEFFICIENT OF THE RATIO 
OF THEIR RESISTANCES IS L E S S  THAN 20 ppm/*C 

Fig. 1. Electrometer with baseline stabilization 

M, = comparator amplifier gain = va = UXK) vo - Vo, 

V,, = offset voltage of the comparator amplifier 
electrometer feedback factor w 1 

t = time after the loop was last opened (small com- 
pared to T ~ )  

M, >> 1 R, = electrometer feedback resistor 

As soon as the voltages on the storage capacitors (C, 
and C,) have reached equilibrium, the loop is opened, 
and the sample to be analyzed is injected into the col- 
umn. During the chromatographic analysis, the voltages 
on the storage capacitors decay toward zero, resulting 
in a decay of the variable bucking current and the fol- 
lowing approximate change of the electrometer output 
voltage with timez. 

where 

V, -- electrometer output voltage with the loop 
switches open 

2For a derivation of the decay of the variable bucking current, 
see the double resistance-capacitor storage discussed in SPS 37-22, 
Vol. IV, p. 213. 

For I, amp, R1 = 101° R, and V,, = 0, and V, = 
0 rt 20 mv for 1970 sec after the loop was last opened. 

The electrometer output can also be  expressed in 
terms of the initial output voltage (VIo) of the comparator 
amplifier by 

If the above quantities are sufficiently stable, and if I D  

does not change during the chromatogram, then peaks 
of the same order as the decay of the variable bucking 
current can be measured by recording V,,  and correcting 
for the initial value and decay of the baseline. As an 
additional check on the proper operation of the system, 
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the electrometer output voltage with the loop closed emieer-follower. The ammeter in the collector circuit of 
could also be recorded. Q2 is used to ensure that the comparator amplifier is 

operating within its linear range when the loop is closed. 

3. Circuit Dafcrils 
The decay shape adjustment, which determines the 

A complete schematic of the baseline compensating 
circuits used in a laboratory gas chromatograph is shown 
in Fig. 2. The comparator amplifier and the resistance- 
capacitor storage are designed for spacecraft application. 
However, for the laboratory instrument the reed switches 
are controlled by toggle switches, and a meter indicates 
the comparator output voltage. Also, the electrometer 
can be used without baseline compensation by opening 
a reed switch between the capacitor storage and the 
electrometer input. 

The comparator is a feedback dc amplifier with a 
gain of UXX) and a balanced, matched differential input 
stage. A pole of 100 sec and a zero of 100 msec are 
placed in the comparator feedback loop to stabilize the 
over-all system against oscillation. The calculated asymp 
totic frequency dependence of the comparator feedback 
factor (Fig. 3) shows that the comparator is safe from 
oscillation. A complimentary emitter-follower output 
stage allows the load to be driven rapidly positive or 
negative without large standing currents in the output 

initial voltages V, and V,, on the storage capacitors 6,  
and C:, controls the time dependence of the variable 
bucking current after the loop is opened. The nominal 
value for the ratio of V,, to Vlo is 0.486. An adjustment 
compensates for deviations of resistors and capacitors 
from their nominal values. 

The loop toggle switch, which closes the reed switches 
connecting the output of the comparator amplifier to the 
storage capacitors, also holds cutoff transistors Qt2* and 
Q,, in the automatic scale switching circuits (SPS 37-23, 
Vol. IV, p. %5). The electrometer feedback resistor then 
remains 101° n regardless of the electrometer output 
voltage. The electrometer output will be zeroed to 
+ 10 mv in about 2 sec after the loop is closed. 

The power supply voltages are identical with those 
used by the automatic scale switching circuits. The 
power to operate the circuits is 31.3 mw, with an addi- 
tionti1 35 rnw being required to close the loop reed 
switches (Table 1). 

Fig. 2. Baseline ecmpenscrtion circuits 

295 
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ANGULAR FREQUENCY. rad/sec 

Fig. 3. Asymptotic frequency response of the comparator amplifier feedback factor 

Table 1. Power requirements where 

R, = R, 

R , ,  R, + R. 
c s  , CI 

Cia = electrometer hput capacity 

Ci. 3 ca 
C,, B CI = stray capacity across the electrometer feed- 

4.  Feedback Factor back resistor . 

The feedback factor of the electrometer with the loop = Vn, 
switches closed was calculated with the aid of Fig. 4 and 
is given approximately by M, B 1 
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vo 
OUTPUT 

Fig. 4. Simplified schematic, closed loop configuration 

Comparator amplifier feedback factor B 1 for times Neglecting poles and zeroes smaller than about 3 msec, 
longer than 1 msec the electrometer amplifier gain (A,) is given by 

p = Laplace transform variable 

The electrometer input capacity is almost entirely deter- 
mined by the secondary feedback loopS and can be 
approximated by 

C;, = p, A, C, + C ,  + C, (5)  

where 

8, = secondary feedback attenuation 

A, = de open-loop gain of the electrometer amptiEier 

= I"1.I 

e;'g = rest capacity of the vibrating reed mdulator 

The following values of A, and Cir were determined from 
the measured opcn-loop gain of the electrometer (with- 
out baseline compensation) versus frequency4 (Fig. 5) 
and were found to agree reasonably well with Eqs. (5) 
and (6): 

- 1m 
= I + p~ msec 

- 
3 :  H. Marshall, "Electrometer Open Loop Frequency Rcspctnse," 'J. L. Lawrence, "Electrometer Open Loop Response Versus Fre 

?L interoffice Technical Memorandum, Allgust 1962. quency for 10''n Feedback Resistor," private communication. 
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carrier amplifier gain, the feedback factor near gain cross- 
over would not be changed, and the same gain margin 
shouid resuk. 

5. Response to the Closing of the 
"Loop" Switches 

The time required for V, to reach its equilib.ium value 
after the loop switches are closed determines the mini- 
mum time that these switches must remain closed. 

For C, and C, initially uncharged and for times long 
compared to the gain crossover time (30 msec) of the 
electrometer amplifier, the Laplace transfonn of VI is 

Vl, PC, R, - ID R, [I + pC4 (Rs + Re)] 
Vf = 

[I + p,q" [l + p (3R. + R,) C.] p 

(9) 
where 

Vlo = initial value of the comparator output voltage 

v,, = 0 

"5 R, = lo-" amp For ID >- 
R, R, 

where 
Fig. 5. Asymptotic frequency response of the electrom- 

eter feedback factor 
V, = saturation voltage of the comparator amplifier 

= mv 

The feedback factor is then given by then 

-5 X loS (1 + p200 ~nsec) (1 + p2.5 msec) v,, = - v, 
F = (1 + y 100 sec) (1 + p11.5 sec) (1 + p25 msec) and 

The asymptotic frequency dependence of F is shown 
in Fig. 5 and compared with the frequency response for 
the electrometer without baseline compensation. Near 
gain crossover the feedback factor with the compensating 
loop is twice that without the compe~.adting loop. Be- 
cause the electrometer alone has more than 15 d b  gain 
margin, oscillation with the compensating loop appears 
safely prevented. If R,  C, were made equal to R3 R4 C2/ 
2 ( R ,  + R,), then near gain crossover the two feedback 
factors would be identical. 

V, p50 msec + ID X 10'00 (1 + plOO msec) 
V2 = - (1 + p45 msec) (1 + p2W msec) p 

(11) 

For I D  = 10-9 amp, then 

- 10 v 
V2 = (1 4- p45 msec) p (12) 

and the time required for V, to reach 0.01% of its final 
value is 0.42 sec. 

For lo = 10-l2 amp, &en 

The loading of the elecbometer input with an addi- Vz = 
(1 + plW see) 

tional 1O1"R resistor for the baseline compensation re- (I + p45 msec) (1 + y W  msw) 
d~ices the feedback factor with the baseline compensating 
loop open by 6 db. If the electrometer feedback factor (13) 

is then too small, the gain of the carrier amplifier could and the time required for V, to fall to within I mv of its 
be increased by 6 db. Because C,.Y is proportional to the final value is 1.8 sec. Therefore, the loop switches should 
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I)e held closed for at least 1.8 sec to ensure that the elec- supply connected to the electrometer input by a 10" 0 
trorneier is properly zeroed. resistor (Fig. 7). IVith the power supply voltage set to 

Because the 100-sec pole is placed in the con~parator 
amplifier rather than later in the system, a large dynamic 
range is not required to prevent rate limiting. If, for 
csample, C ,  were used to produce the 100-scc pole, and 
if the dynamic range of the comparator a~nplifier were 
not cl~angcd, over 100 scc cot~lcf be needed to charge C ,  
to its final value. Wllen the 100-sec pole is early in the 
system, linear analysis is applicable, and 1.8 sec is suffi- 
cient to charge C,. 

Also, if the electrometer feedback resistor were less 
than 10'" Q, the resulting decrease in the feedback factor 
would slow the charging of C,. Therefore, when the loop 
switches are closed, the automatic scale s\ilitching cir- 
cuits are bypassed, and the feedhack resistor is fixed at 
10'" n. 

6. Performance 

The comparator anlplifier gain, offset voltage, and 
dynamic range were determined by measuring" the am- 
plifier output voltage versus input voltage at several 
temperatures from -55 to +12S°C. The 5 y F  capacitor 
in the feedback loop was disconnected so that the ampli- 
fier outprit would quickly reach equilibrium. The data 
for -55, + 90, and + 1 a 6 C  are shown in Fig. 6. The 
gain, which was 1850 at room temperature, varied by 
+3.3% over the tcml~crature ralige. The temperature 
coefficient of the offset voltage, which had a room tem- 
peruture value of 1.6 mv, \vils +LO r ~ / ° C ,  yielding a 
k0.9  mir change over the temperature range. These 
temperature variations cause less than 21.2  mv change 
in the closed loop elecirumeter output. The comparator 
nlnplifier dynamic range extending from + 14 to -30 v 
provides variable bucking currents from -0.7 X to 

i 1.5 X amp. 

The small-signal comparator amplifier rise time, meas- 
ured by applying a square-wave ~'oltage to the amplifier 
input, agreed with the feedback factor calculations illus- 
trated in Fig. 3. All rise-time effects in the coniparator 
amplifier, except the 100-sec pole and 100-nisec zero in 
the feedback loop, were ~legligible compared to the rise 
time of the electrometer alone. 

hl order to test the entire baseline eon~pensating sys- 
tem, the detector was sinlulated by a stable power 

91 v, the loop switches were closed, and the electrometer 
output settled to -7 mv, in good agreement with the 
-8 mv predicted by Eq. (1) and b y  the measured com- 
parator amplifier gain and offset voltage. Then the loop 
switches \irere opened, and the electrometer output volt- 

Fig. 6. comparator amplifier input-output 
characteristics 

ELECTROMETER 
WITH BASELINE ' 

COMPENSATION 

qW, Richcsr>n, "Conlparafor A1ltp1ifit.r Test Resitfks,"' JPL inter- 
o&ce Tecl~nical hfeil~orend~lm, &toh; 1963. Fig. 7. Test setup 
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TIME FROM LOOP OPENING, min 

Fig. 8. Decay of the variable bucking current 

age as a function of time was recorded (Fig. 8). The for exobiology esperiments. The equipment has not been 
ratio of the initial voltages across the two storage capaci- optimized for material or \\.eight, but there are no ob- 
tors was varied and is a paraineter on the curves of vious probleln areas. 
Fig. 8. As predicted by Eq. (2), the electrometer output 
drifts no more than +lo mv for 30 min, if the rather 
critical ratio of the initial capacitor voltages is correct. 
If the shape of the decay of the variable bricking current 
is to be predictable, then this ratio must be more stable 
thiin 0.05% arid the ratio of R, to R, must stay constant 
to better than 0.2%. 

In order to measure the rise time of the voltage across 
C, when the loop switch was closed, C, was initially dis- 
charged by the 10 hln obcilloscope probe impedance, 
and 9 X 10-'@and 2 X loy2 amp currents were injected 
at the electrometer input. For tiines loi~ger than 100 msec, 
the waveforms predicted by Eqs. (12)' and (13) were 
confirmed. 

Presently the electrometer with baseline compensation 
is being used for detector tests. The only difficulty antici- 
pated in applying this technique to a spacecraft gas 
chromatograph is matching the temperature coefficients 
of R,  and R2. 

B. Lightweight Sample Collector 
for Exobiology Experiments 

An acroso! method of partict~late sanrple collection has 
been developed, and it is currently considered feasible 

This technique is capable of handling particles be- 
t~veen 5 and 100 p at a density of I! or less. The rate of 
salnple collection is roughly 0.02 g/min at a gas consump- 
tion 0.14 ft"/min, standard temperature and pressure. At 
these rates, a 0.5-g sample would require a storage vol- 
ume for gas at IS00 psig eqlial to a sphere 4.5-in. D. 

The aerosol system consists of an aspirator at ground 
level with s\iitn\)le lioses connecting with the separator 
and instr~iinrnts locatcd on the spacecraft. The particulate 
matter is separated from entrainment and delivered to 
the esl~crii~ic~nts as a highly enriched aerosol mixture. 
Final sep~ration at the experiments is by gravity. 

A miniat~ue agpirator has been developed for this 
specific application. It consists of a choked sonic jet in a 
constant area mixing chamber. This aspirator can be 
ejected from sto\vcd position and \vill fall to ground due 
to gravity. It is cfiscrilninatory regarding size and density 
and will not pick up particles over approximately 100 p. 
If several aspirators are ejected over a \vide area, ade- 
quate sample voluine is asstired plus redundance against 
contponcnt failure. The general scheme of multiple aspi- 
rators is depicted in Fig. 9. 

The ~'articrtlate matter is separated from the sterile gas 
with a cyclone separator. This device iitilizes centrifugal 
and vortcx action to enrich the jnixture. The efficiency 
with ~vltich a cyclone srparator will retain s~nall-diameter 
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SPACE SC ENCES B 

XVII. Space nstruments Development 

A. An Automatic Scale Factor 
Device for Use with Space- 

craft Electrometers 
J. H. Marshal 

I .  Introduction 

One particularly useful device for making measure- 
ments in interplanetary space and on other planets is an 
electrometer capable of a \vide dynamic range; for ex- 
~mple,  the plnsn~a probe on ;\fari)~cr 2 used an electrom- 
ltcr iur measuring currents bet\veen lO-'%and lO-hamp. 
llso, future esperilnellts involving gas chromatogmpl~y 
nd mass spectrometry will probably require similar 
Icctrometers. 

Since reIati\lely uniform accuracy is desired over the 
\tire dyna~nic range, some fornt of logarithmic scale 
lrnprcssion must be used. On the Afnrit~er 2 plasma 
obe (Ref. I),  a vacuum rliode operatiilg in the rcti~rded 

6:~ld region providetl a iog:trithlnic transfer impedance. 
his compression sclierne had the disadvantages of slow 

response because of large ( -5  pf) interelectrode capacity, 
relati\.ely large instabilities resulting from dependence 
01: tube characteristics, and the unreliability inherent in 
hot filament \racrtum tubes. For these reasons, J. L. Law- 
rence developed an automatic scale-s\vitching system 
which set the electron~eter feedback resistor to one of 
three values so that the output 'voltage remained in a 
given range. This system possessed the reliability, sta- 
bility, and fast response of resistive feedback, \rrhile still 
maintaining relatit~ely constant accuracy over a seven- 
decade dynamic range. 

Hot;.ever, the circuit developed by Lawrence possessed 
certain disadvantages for use in a general purpose elec- 
trometer. Because ac-coupled flip-flops were used, the 
logic could hccome blocked until a large change in 
the electrometer input forced a scaIe change. Further- 
more, flight instrument schedules provided little time for 
optimizing the circuit. Finally, because the voltage for 
which the scale would change could not be predicted 
accurately, resistor values had to be selected after the 
unit was completed in order to set properly the scale 
shifting pints. 
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INPUT 

----- 
TRANSISTOR 

VIBRATING R E E D  
CAPACITOR I 
MODULATOR 

OUTPUT 

Fig. 1. Automatic scale switching electrometer block diagram 

This report describes an improved version of the auto- 
matic scale factor device, \vhich is primarily intended for 
an electrometer for use with a gas chromatograph. The 
above problems have been removed by using dc-coupled 
flip-flops and careful optimization of the circuit details. 
Furthermore, the scale changing levels can be accurately 
predicted and depend only on a single regulated voltage. 
Extensive tests on the circuit have been made and show 
stable operation from -50 to + 125OC. 

2. General Description of fhe EIectrometer with 
Automatic Scale Switching 

A block diagram of the automatic scale switching elec- 
trometer system is shown in Fig. 1. The electrometer itself 
consists of a vibrating reed capacitor modulator, a field- 
effect transistor carrier amplifier, a transistor shunt de- 
modulator, and an integrating dc amplifier. The tracking 
oscillator drives the reed at its resonant frequency and 
supplies the synchronized drive signal to the dcrnodu- 
lator. The automatic scale switching circuits (Fig. 2) 
consist of a transistor shunt chopper to convert the 
electrometer output voltage, which can have either polar- 
ity, to a sequence of rectangular pulses that are used to 

trigger t\vo discriminators, one of \i,hich is preceded by 
an ac amplifier with a gain of 150. The use of a chopper 
avoids the need for separate discriminators for positive 
and negative electrometer outputs and also makes gos- 
sible the use of an ac amplifier, which simplifies the 
design of a discriminator to operate stably with a 50-mv 
thrcsliold. The discrin~inntor outputs control two flip-flops. 
\vliich drive the reed ~ i ~ i t c h e s  that determine the value 
of the electrometer feedback resistor. 

Since the feedback factor of the electrometer is about 
1000, its output voltage eOut is related to its input current 
i,, approximately by 

where R, is the value of the feedt,,)ck resistor. The auto. 
matic scal+l s\\.itching circnits select the proper feedback 
resistor to maintain the ot!tput voltage betsveen 33 iOv 

and 9.5 v, if the input current lies bet\\.een 5X10-'? and 
9.5 X 10." amp. A secondary feedback loop, ~vhich stab. 
lizes the elcctromcter against oscillation, is also varied as 
!he fecdl~nck resistor is cljallged so that eiectrometel 
Pra11sicbllt response remains optjniunj. 
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FLIP-FLOP A 

DISCRIMINATOR 

Fig. 2. Automatic scale switching circuits block diagram 

3. Description of the Automatic Scale 
Swilching Circuits 

A schematic of the autoillatic scale s\vitching circuits 
is sI~o\vn in Fig. 3. The chopper (Q2 and 4 3 )  is a shunt- 
pair operating at about 2.4 kc with an offset stable to 
I~ctter than 1 mv. The chopper base drive is coupled 
through a 1 : l  transformer \vith small (--I pf) capacity 
from the primary to the secondary to reduce "spiking." 

Duri~lg laboratory tests, the modulator drive signal was 
supplied by a difference amplific~ (Fig. 4) that converted 
the 2.4-kc sine ura\'e from the tracking oscillator to a 
symmetrical square \iJave. The positive and negative 
current pulses had equal rlurations to better than 1 %  
and a zero dc level to prevent siituration of the trans- 
former core. The circuit of Fig. 4 is not intended for 
spacecraft applications because of its r;itl~er low eficiency 
and llecause of the danger of interaction of the modu- 
lator drive signal with the electro~neter carrier system. 
The firlal design of modulator drive circuit depends 

yet dcterlnincd splacccr;rft conditions, such as the 

principally determined by the gain of the ac  amplifier 
(45 and Q6) \\vhich precedes the lower discriminator. 
This amplifier has a gain of 150 with a feedback factor 
of about 15, provided by a single feedback loop which 
stabilizes both the ac gain and the dc  operating points, 
Because each scale change is a factor of 100, the threshold 
of the lo\ver discriminator must be safely less than %oo of 
the upper discriminator threshold to prevent oscillation. 
In order to avoid non-linearity and an appreciable atten- 
uation of the chopper output signal, the amplifier input 
impedance must remain high and relatively independent 
of input voltage tip to signals of 10 v. Although a 10-v 
input al,vioucly saturates the amplifier, the 2.Spf by-pass 
capacitor charges until its average current is zero. Once 
equilibrium is achieved, the input transistor Q5 need 
only supply the currents in the 147K and 133K resistors, 
and the input impedance continues to be determined by 
the lOOK resistor from the base of Q6 to ground. Even 
after the by-pass capacitor has become fully charged, the 
amplifier returns to its normal operating state within 
-40 ms after the input signal is removed. 

a\vailabi]ity of 2.4-kc square-\%lave power. 
The discriminator input signals are coupled to the base 

~ 1 , ~  c,,opl,er outpot drives two nearly identical dire of a differential amplifier with regenerative feedhack 

crilnill;,(urs ( ~ 4  illld ~ 7 ) ,  tire ratio of whose tl~resholds is (Fig. 5 )  via a diode-restored capacitor and a filter. Series 
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INPUT FROM 
REED DRIVE 
OSCILLATOR 

Fig. 4. Modulator drive circuit schematic diagram 

Fig. 5. Discriminator circuit simplified schematic 
diagram 

resistors limit the initial charging crlrrents to less than 
1 ma. Assunling that the chopper switch is closed for one- 
half of each cycle, the dc  voltage V, at the base of Q1 is 
related to the input voltage Vo by 

\rlicre Mo = diode for\vai.d voltage drop and i,, = base 
clrr~ent of Q1. Beca~ise the collectvr of Q1 is clamped by a 
diode conducting a current of 1,/2, the discriminator 
changes state when the collector currents of Q l  and Q2 
are equal. Since Q1 ;$nd Q2 are nlatclled transistors, the 

collector currents will be equal for equal base voltages 
(to 5 mv) and currents (to +-lO%), that is when 

i,, = icZ (3) 

where p = fonvard common emitter current gain. 

Substituting Eq. (3) into Eq. (2), one obtains for the 
input triggering level 

In  the case of the upper discriminator 

. Rs = 10K 

Rr, = 200K 

Rj = 2.2M 

R, = (210K) 11 (1.8M) = 312K 

v c  = -1lv (5)  

v, = -22v 

V, = - 19.3 v 
I ,  = 214 pa 

p = loo 
0 Y 
V D  = 0 . 5 ~  

then 

giving 

V, = 9.40 v (7) 

The dependence on the base currept has Been reduced an 
order of magnitude by lnaking the impedance seen by 
the base of Q1 ncrrly equal to that seen by the base of Q2 
and by using transistors x\lith matched current gains 
(2x2453).  so, the 2.5 mv/OC tennprr:;iure drift in &TD is 
conlpensated by generating V, (-2") with an emitter- 
follo\ver (Fig. 6) that has the opposite temperature co- 
efficient. Simil'irly, drifts in V, can be compensated, 
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-11.5 v 
(TO ALL BUT 05, Q6) 

-11.5 v 
(TO 05, Q6 ONLY) 

+17.15 v 

110 v oc 

POWER DESIGNS 
MODEL 4 W  -32.5 v 

POWER SWITCH 

Fig. 6. Power supplies for the automatic scale switching eircuitr 
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Since the triggeringlevel is approximately proportional to the one level is determined by a diode clamp against 
the difference between V2 and V,, both these voltages --ll.S v. The clamping of the one level yields a low 
are referenced to nearly the same source (Figs. 5 and 6). impedance and a \veil defined voltage level, which will 

be less subject to difficulties from transient pickup or 
component variations. The upper discriminator output, which is taken from 

the collector of Q2, is in the zero state (-18 v) for input 
signals VlI below 9.4 v in magnitude and is in the one state The scale logic sequences as follows: Assume 
(-11 v) for inputs above 9.4 v. that the feedback resistor is 10'O 0 and that the electrom- 

eter output voltage is less than 9.4 v. Then, the signals 
(Fig. 2) have thefollowing states: 

- 
The important transition of the lower discriminator 

occui-s ?\.hen the input signal falls below the triggering 
level. This level differs from the level for the upper dis- 
criminator by the gain of the amplifier and by the 
hysteresis caused principally by the change of Vc from 
- 11 v in the zero state to -18 v in the one state. The 
triggering level for the return of the lower discriminator 
is then given by 

7 9 v  Vo (return) = - = 52 mv 
150 

In order to temperature-compensate this level, the bias 
current of the diode on the collector of Q1 has been 
chosen so that the collector currents are equal for the 
returning transition. The output signal, \vhich in this case 
is taken from the collector of Q1, is in the zero state for 
inputs in excess of 52 mv in magnitude and in the one 
state for inputs less than 52 mv. 

'rile discriminator outputs control flip-flops (F-F) A and 
B (Fig. 2), which, in turn, control the feedback resistor 
via bvo nand circuits as follows: 

Forbidden combination 

No change occurs in the flip-flop states. If the input 
then exceeds 9.4 v, the upper discriminator will move to 
the one state causing F-F A to be set to a one and chang- 
ing the feedback resistor to 10% R. The electrometer out- 
put then falls by a factor of 100, and the upper discrimi- 
nator returns to the zero state in about 30 ms. The 
capacitor delays signal A from reaching and gate H by 
150 ms so that F-F 3 will not also be set to the one state 
unless the electrometer output still exceeds 9.4 v after the 
150-ms delay. Now, the states are: 

Because the reed switch coils, when open, must be 
0 

grounded to prevent excessive leakage currents at the 
0 

Feedback resistor 
electrometer i n ~ u t  the Iogic circuits have all been ref- 

LW n 
a . ,  

erenced to - 17.5 v instead of ground, 'Then the output 
stages Q12 and Q13 can each be a single transistor which 
is 011 only rvllen its switch coil is energized. The zero level if the electrometer output once again exceeds 9.4 v, 

is formed by saturating a transistor against - 17.5 v, and then D changes to the one slate, and, because and gate H 
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is open, F-F R is set to a one. The 10" feedback resistor 
is now in the circuit and the states are: 

If the electrometer output now drops below 52 mv, 
the lo\\fer discriminator \\till change to the one state caus- 
ing F-F B to be set to a zero and the feedback resistor 
changed to lo5 R. The electrometer output then increases 
by a factor of 100, and signal C rebrns to the one state 
in about 10 ms. The capacitor delay prevents B from 
reaching and gate G before C returns to the zero state. 

ence should be regi~lated to at least 1%.  Secondly, the 
temperature coe&cients of the -11.5- alld -22-v sup- 
plies are chosen to compensate diode drifts in the digital 
logic and the discriminators. Third, the emitter-followers 
are protected against escessive enlitter ciirrents by a 
collector resistor and against escessive back-biasing emit- 
ter-base voltages by diodes from the emitter to base. 
Fourth, the -11.5 v supplied to the amplifier is de- 
coupled by an R-C circuit from the -11.5 v used by 
the remaining circuits. 

The power requirements are shown in Table 1. The 
total poiver required is 63.7 mw, including the power to 
close one reed s\vitch (17.5 nrw), the power taken from 
the electrometer by the modulator for an electrometer 
output of 10 v, and the power for the modulator drive. 
Allo\ving for po\s7er supply inefficiency, it appears that 
the entire scale factor device should draw less than 100 
mw of primary spacecraft power. 

4. Operation 
The automatic scale s\vitching electrometer was tested 

If the electrometer output again falls below 52 mv, 
(Fig. 7 )  by introducing at the input a linearly rising 

then C moves to the one state and sets F-F A to the zero 
state via and gate G .  Now the feedback resistor is 101° 0. current from the sawtooth output of a Tektronix 535A 

Signal A, via or gate E, insures that F-F B is al\s 'a y s zero oscilloscope. The s\veep was set so that the voltage ap- 

when F-F A is zero. plied to a loq R resistor rose from near 0 to +150 v in 
10 sec. As can be seen in Fig. 8, which is a drawing of the 

The power supplies designed for laboratory use are 
shown in Fig. 6. Although these supplies were not de- 
signed to be highly efficient for spacecraft use, they incor- 
porate the following characteristics that the spacecraft 
version should have. First, the -11.5- and -22-v sup- 
plies are referenced to the -17.5-v supply, because in 
most of the circuits the difference of the voltages from 
-17.5 v is more important than the absolute value. Be- 
cause the discrimination level depends critically on the 
difference of the -22- and -17.5-v supplies, this differ- 

obsert~ed electrometer output, the electrometer changes 
scale from 10'" to 10% and thence to 10" n in response 
to the rising input signal, and returns to the 101° n scale 
at the end of the sweep. Fig. 9 shotvs the electrometer 
output at the transition from 10" to 16'; n on an expanded 
time scale ( 100 ms/cm). 

At the times of the various scale changes produced by 
the satvtooth input, oscilloscope pictures were taken of 
all critical signals as the temperature was varied from 

Table 1. Power requirements 
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TEKTRONIX 

OSCl LLOSCOPE 

3i,, = ELECTROMETER INPUT .,, = ELECTROMETER OUTPUT TIME: 10 see 

OUTPUT TO A 
SECOND TEKTRONIX 
535A OSCILLOSCOPE 

Fig. 7. Test setup ' 

-50 to + lS°C. Since the drifts of the -22-, - 17.5, 
;1nd - 11.5-v po\ver supplies were used to compensate 
drifts in the discriminators, these supplies \\.ere tempera- 
ture-cycled with the scale switching circuits. No indica- 
tions of possible nxrrginal operation were ol~served over 
this temperature range. 

The discrimi11ntors and amplifier were further checked 
by ineasusiog the dependence of the discrimination levels 
011 temperature. The upper level was found to be stable 

TIME, rec to 41% from -50 to i 1%OC and the lower level to 
Fia 8. Eledrometer response to ramp current input '46% over the same range. The stability of the upper 

discriil~inator permits the upper level to be set safely 
at 95% of full scale. The lower discriminator stability 
is well lvithin the 50% tolerance given by the condition 

.: : - -  - - -. - that oscillation shall not occur, 

T11e amplifier gain and output dc voltage were also 
checked from -50 to +12S°C. The measured 1 5 %  
gain shift, which is consistent with a feedback factor of 
15, is the prificipal cause of the drift of the lower dir- 

TIME, 100 msec/cm + crimination level. The observed rtl-v shift of the output 

rig, 9, rranritien from 10'- to 10"-fi ~c.1. with dc voltage plodaced no difficulty, because the discrim- 

ramp current input inator needs only 8 v of the nominal 13 v dynamic range, 
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The margin in the capacitor delays was also checked. 
The circuits operated properly for capacitors as small as 
?4 of the nominal value (2.2 /*f), while the observed 
variation in the delay during temperature cycling was 
less than 10%. 

For f 20% supply voltage variations and for ~ 5 0 %  
variation of the -11.5-v supply with respect to the 
-17.5-v supply, the digital circuits operated normally 
at room temperature. As was expected, variations of the 
supply voltages cause shifts in the discrimination levels, 
but over the above range the discriminators otherwise 
performed satisfactorily. 

Therefore, this method of logarithmic scale compres- 
sion has been proved feasible for spacecraft application, 
and the most difficult circuit problems have been solved. 
Already this electrometer has found use as a laboratory 
instrument for checking ionization detectors and quies- 
cent current compensating schemes for gas chroma- 
tographs. 

B. Planetary Interferometer 
H. T .  Bull 

A breadboard infrared interferometer has been con- 
structed at hianchester University in England to do plan- 
etary interferometer spectroscopy on hlars and Venus, and 
to further the state of the art to support spacecraft inter- 
ferometer design. The spectral range of the instrument is 
from 2 to 13 p and it is desired to perform spectroscopy 
having a resolution better than 10 cm-I through this 
region. The project is intended to yield new infrared 
spectra of the planets through the 8- to 12.-p. atmospheric 
window and also to provide a comparison wit11 spectro- 
grams obtained with grating instruments in the near 
infrared atmospheric ~vindo\vs, particularly bet~reen 
34 p. 

I .  Theory of Operation 

Chopped infrared radiation enters the interferometer 
by means of the collimating lens L, and undergoes am- 
plitude division at the bcan~splitter BS. Two plane mher- 
ent wavefronts are then reflected back into the detector 
unit and interfere in the focal plane of the detector lens. 
The intensity at the detector at a gi\,en wavelength is the 
vector sum of the t\vo components, hence, the total in- 
tensity is 

( v )  (1 + cos dv (1) 

Only the phase-modulated term is of value in interference 
spectron~etry and, taking the inverse transform, it follows 
that 

1 (,#I = [q  (a) ax 2,Av dA (2) 

IIo\vever, in practice, 1 (A) is measured only over a finite 
scan and A is not constant over the field of view. Also, 
I (A) is sampled discretely and is not measured as a con- 
tinuous function of A. There is a finite number of grey 
levels which limit thc amplitude resolution also. These 
practical lilnitations detract from the fundamental ad- 
vantages of increased luminous flux throughout, for a 
given resolution, and, decreased noise bandwidth for a 
given scan time. Furthermore, the ideally constant term 
in Eq. (1) usually varies in space and time and may 
introduce serious spurious modulation. Two last experi- 
mental details are: (1) numerical apodization must be 
used to improve the basic sinc function profile of the 
instrument; and (2) there is usually a wavelength depend- 
ent phase shift \\,hich must be considered in the nunlerical 
analysis. 

2. Optical Breadboard 

The optical breadboard is sho\i,n schematically in Fig. 
10 and is illtisiratecl in the photograph of Fig. lli. The 
whole systcin is sho\\,n in Fig. I;' with the optical bread- 
board mounted on a dtirnrlly telescope. The hfichelson 
configriration is the simplest l)ossible, the overall prin- 
ciples being of prime interest. 
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JOSIAS AND LAWRENCE: ELECT3OHETER FOR SPACE INSTRUMENTS 

C. ~ o s i a s ~  
J. Lawrence, Jr.! 
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ABSTRACT 

A wide-range vibrating-reed electrometer 
that obtained extensive detailed data on the solar 
wind1' during the Mariner I1 flight to Venus is 
described. This circuit used an inverting carr ier-  
type dc amplifier with a logarithmic diode as its 
principal feedback element and represented the 
f i rs t  successful application of a space-qualified 
dynamic capacitor electrometer. This system also 
represents one of the earliest all- semiconductor 
amplifiers to be used in a dynamic capacitor elec- 
trometer. 

The wide dynamic range of the application 
(10-13 to 10-6 A) required the stabilization of a 
closed loop having 7 decades of continuous varia- 
tion in the dynamic resistance of the primary feed- 
back element. Some details of design, analysis. 
and performance associated with the electrometer 
amplifier and its feedback system are  presented. 

I. INTRODUCTION 

One of the instruments aboard the Mariner 
I1 spacecraft, which completed a successful flyby 
mission to Venus, was a solar-oriented, curved- 
plate electrostatic analyzerl capable of measur- 
ing the energy spectrum of the positive-ion com- 
ponent of a suspected "solar wind." During an 
operational flight of 129 days, this device returned 
extensive, detailed data to the Earth, verifying 
the presence of a constantly flowing solar wind. 

This solar plasma analyzer used avibrating- 
reed electrometer a s  i ts  principal current- 
measuring device. The Venus mission proved that 
this type of electrometer, which had formerly 
been a useful but delicate laboratory instrument, 
could also be a rugged, long-lived, stable, and 
flightworthy instrument for detecting and report- 
ing space phenomena. 

charge sign and within a certain range of energy 
per unit charge and a certain range of angle of 
incidence a r e  deflected through the curved tunnel 
onto the charge collector. The energy distribu- 
tions of both positively and negatively charged 
particles entering the device can be determined by 
varying the polarity and magnitude of the deflec- 
tion voltage. The charge collection rate is mea- 
sured at  each energy level by a wide-range elec- 
trometer. 

P GENERATOR I 

Fig. 1- Block diagram of basic solar 
plasma instrumentation 

11. THE ELECTROMETER AMPLIFIER 

A. General 

The basic electrostatic analyzer system is  This electrometer employs the conventional 
illustrated in Fig. 1. Charged particles entering operational amplifier configuration with a vibrat- 
the instrument a r e  deflected by an electric field ing capacitor modulator and a nonlinear, therm- 
approximately transverse to the particle velocity ionic feedback element. The operational amplifier 
vector. Only those particles with a particular configuration was chosen to minimize the leakage 

currents resulting from input (or summing-point) 
potentials and to reduce the dtipendence of the * speed of .response on input- to- ground capacitance. 

This paper presents the results of one phase of 
resear -h carried out at the Jet Propulsion Labor- The electrometer system used in the 
story, California Pnetitute of Technology, under Mariner II ptallma instrument ie in 
Contract No. N M  7- 100, sponsored by the block diagram form in Pig. 2. A vibrating capac- 
National Aeronautics and Space Administration. itor modulates the dc summing-point potential ihto 

a sine wave with a frequency near 2400 Hie. Mte r  
' ~ o r m e r l ~  with the Jet Propulsion Laboratory, amplification by the carr ier  amplifier, this signal 
Pasadena, California. is half-wave demodulated with a transistor switch. 

Orighrl rrrmacFfpL r~orfrrd by C-.NS Hrrah 4, 1w. 
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Direct-coupled.amplification and filtering are  
performed by a Miller-type filter amplifier. The 
loop i s  then closed with a single logarithmic diode. 
An offset voltage reference used in the flight 
instrument is not shown in the block diagram of 
Fig. 2. 

Fig. 2-Mariner I1 electrometer 
block diagram 

A comparator that i s  referenced at a pre- 
saturation voltage for the electrometer output has 
been provided to preclude saturation of the ampli- 
fier,  an event that could occur in the presence of 
small negative background currents . When this 
reference. level has been exceeded, an input cur- 
rent source, which doubles a s  a calibration cur- 
rent, is activated, thereby bringing the elec- 
trometer to a midrange voltage. 

A figure of 1000 was selected a s  the 
requirement for dc gain between the input and the 
output. If one neglects the effects of leakage cur- 
rent and resistance, the figure of 1000 becomes 
the dc feedback factor. This figure of amplifier 
tightness limits dynamic deviations to 0.1% of the 
output a s  obtained with infinite gain. 

The carrier-amplifier approach was pur- 
sued because input-modulating comparators of the 
dynamic capacitor variety offered such attractive 
prospects as high resistance, stability, and long 
life expectancy. Furthermore, if the modulator 
parameters were properly chosen, the need for a 
vacuum-tube input to the car r ie r  amplifier would 
be eliminated. In addition, if the modulator fre- 
quency were made sufficiently high, the electrom- 
eter speed of response would not be severely 
limited by amplifier bandwidth, which would also 
be commensurately higher. 

converters, a logarithmic transfer resistance was 
chosen. In this application a CK 5886 subminia- 
ture pentode connected as a diode provided the 
feedback from the output directly to the input. 
Operating in its retarded field region, the 
diode produced a quite acceptable logarithmic 
compression of plate currents over a range in 
excess of the plasma experiment requirements. 
The equivalent. small-signal resistance of this 
tube was approximately 

where Ip = plate current in the tube; its parallel 
interelectrode capacitance was about 5 pF. Most 
of the 5886 diodes operating at regulated filament 
currents of 10 mA displayed characteristics hav- 
ing about 230 mV per current decade and thermal 
drifts of about 70 mV over an 80°C temperature 
range. While these drifts were both predictable 
and calibratable during the Mariner II flight, it i s  
true that the thermionic log diode masked the 
inherent temporal and thermal stability of the 
electrometer amplifier, which would have been 
displayed had this system used resistive feedback. 

Since the dynamic resistance of the feedback 
element varied a s  many orders of magnitude a s  
the measurable input current, a secondary feed- 
back loop was required toprovide nonlinear damp- 
ing, which resulted in an acceptable transient 
response over the entire dynamic range. 

C. The Modulator 

The dynamic capacitor modulator, devel- 
oped for the Jet Propulsion Laboratory (JPL) 
through a series  of contracts with the Applied 
Physics Corporation of Monrovia, California, was 
mechanically resonant near 2400 Hz ( % and was electromagnetically driven at t 15 reso- 
nance by a tunedclass C amplifier. 3 The capacitor- 
drive oscillator loop was completed with a lead 
titanate transducer, which was affixed to the 
vibrating reed element. Typically, a 10% conver- 
sion efficiency, defined a s  the ratio of r m s  acout- 
put voltage to dc input voltage, was achieved. The 
oscillator that drives the dynamic capacitor had a 
temperature- sensitive amplitude variation designed 
to maintain a more constant conversion efficiency 
than that obtained with a drive voltage that does 
not change with temperature. 

The thermal stability of contact potential 
was better than 70 ~ . v / o C  and the 3-month pre- 
flight temporal stability was 5 mV, noncumulative. 
Further details on construction and performance 
of this unit appear in Ref. 1. 

D. The Carrier  Amplifier 

B. The Feedback Element Following the modulator a r e  a one-stage 
low-noise ac preamplifier and a 3-stage ac post- 

Since the ?-decade dynamic current range amplifier (see schematic of Fig. 3). The portion 
(10-13 to 10-6 A) required by the experiment of the over-all gain incorporated into the car r ie r  
exceeded the m x i m u m  signal- to-noise ratio of section was determined principally by considera- 
the dpmamic-capacitor electrometer and also tions of noise and dc stability. The gain had to be 
exceeded the r a g e  of available analog-to-digital made large enough to minimize adequately the 
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effects of drifts in the demodulator baseline and 
the dc amplifier as  seen at  the electrometer input, 
but not so large a s  to permit input noise to drive 
the output stage of the ac amplifier into nonlinear 
operation. A representative gain of 35 for Gl (see 
Fig. 2) reduced the thermally induced drifts f rom 
the dc section to the order  of 1 mV as  observedat  
the electrometer input. Noise at  the output of the 
a c  amplifier was about 100 mV r m s  withinalinear 
dynamic capability of i-2. 5 and -6  V. 

Since the t ransformer-rect i f ier  power sup- 
ply for  the instrument was driven by a 50-V, 
2400-Hz, square-wave source, it was cer ta inthat  
a t  leas t  smal l  amounts of 2400-Hz energy would 
be present  in the c a r r i e r  amplifier. The self- 
resonant dynamic capacitors used for Mariner 
were,  therefore,  ordered with mechanical reso-  
nances sufficiently displaced f rom 2400 Hz a s  to 
minimize internal beat-frequency signals. 

The ac  preamplifier presented one of the 
most  likely a r e a s  for  innovation. The question 
was whether the paramete rs  of the customary 
vacuum-tube preamplifier could be replaced by 
those of a transistor.  The number of stages 
needed for the c a r r i e r  section turned out to be 
about the same both for a high input impedance 
bootstrapped amplifier and for conventional low 
input impedance common-emitter amplifiers.  The 
low-impedance connection, a s  embodied in the 
c i rcui t  of Q1 in Fig. 3, was finally used. (This 
circuit  predated the commercial  availability of 
field-effect t ransis tors .  ) The gain of the c a r r i e r  
amplifier was significantly increased by a current  
step-up t ransformer  (n = 14:l) interposed between 
the preamplifier and the dynamic capacitor. The 
pr imary  impedance, which was nZ t imes the ampli- 
f ier  ~ n p u t  impedance, was s t i l l  relatively smal l  
compared with the capacitive source reactance of 
the dynamic capacitor. A phase-stable current  
gain of 14 could, therefore,  be expected without 
increasing the noise component a t  the output of 
the c a r r i e r  amplifier. Several  germanium and 
silicon t ransis tors  were inspected in unloaded 
models of the preamplifier. The 2400-Hz gains 
of this highly degenerative circuit  were  experi-  
mentally confirmed to be equal and then the out- 
put noise content was inspected. The germanium 
2N417 was selected for  the application because of 
i ts  superior noise performance a s  observed 
through this empir ical  procedure. The chief safe- 
guard against high-temperature saturation of the 
t ransis tor  caused by collector leakage was the 
diode CR2, whose I .  character is t ic  was matched 
to that of the t ransis tor  to a t  leas t  70°C. Thepre-  
amplifier bias configuration presented an  opti- 
mum thermal  stability (SIC - 1) along with 
reduced gain to l/f noise. 

The triplet  postamplifier was a 3- stage, 
direct-coupled, feedback-biased cascade (Q2, Q3, 
Q4). At the c a r r i e r  frequency, a substantial por- 
tion of the feedback used to bias the amplifier at 
dc was disconnected by the shunt capacitor 6 6 .  

Response of the ent i re  c a r r i e r  amplifier 
with respect to frequency i s  shown in Fig. 4. The 
low-frequency slope of 12 d ~ / o c t a v e  was composed 

of two equal contributions: one 6-dB/octave rate 
f rom the capacitive source reactance to the trans- 
former  and another s imilar  effect f rom the net- 
work coupling the preamplifier and the triplet. lf 
the preamplifier output impedance were constant, 
one might expect a characteristic that would sti l l  
be  rising 6 dB/octave at  the c a r r i e r  frequency. 
This impedance, because it was affected by the 
preamplifier source impedance, was actually r is-  
ing with frequency at 2350 Hz and was the prin- 
cipal cause of response flatteningas seen in Fig. 4. 

GAIN OF ENTIRE CARRIER CASCADE 

(D MARINE/) I I V A L U E S  
@ ALTERED VALUES AS FOLLOWS H 

FREQUENCY, Hz 

Fig. 4-Carr ier  amplifier performance curves 

E. The Demodulator 

The ac  signal f rom the c a r r i e r  amplifier 
was reconverted to dc by means of synchronous 
detection. Synchronous shunt switching was per- 
formed by the t ransis tor  Q5, while RZ7 limited 
the maximum chopped currents  in the shunt switch 
to prevent the triplet  amplifier f rom cutting off on 
i ts  positive swing. 

In this type of system, maximum detection 
efficiency i s  produced at drive-to-signal phasings 
of 0 and 180 deg. At intermediate phasings, eff i -  
ciencies a r e  described by the cosine of the drive- 
signal phase angle. 

The output developed ac ross  the synchronous 
switch was made up of two components, signal and 
pedestal. The pedestal was attributable to a dc 
voltage retained by the coupling capacitor as  
though it were the output fi l ter of a rectifier sys- 
tem. 
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The dc voltage gain of the entire car r ie r  is that of a network producing a phase-lag doublet 
section may be written with corner frequencies between 2 and 4 Hz. 

G i  = ~ C ~ A C ~ D  (2) F. The DC Amplifier 

where 

qC = dynamic capacitor conversion efficiency 

GAG = gain of the car r ie r  amplifier at 2,400 Hz 

qD = demodulator efficiency 

The laboratory model on which many of these 
tests were run, like the flight electrometers,  had 
its car ier  gain adjusted with R22 .to a nominal 
value of 35. Using the measured value of GAC 
(9 10) and the calculated value of q~ (32.4%) for the 
sake of illustration, the dynamic capacitor con- 
version efficiency producing the requisite gain of 
35 was calculated to be 12%. The static transfer 
characteristic of the car r ie r  section i s  shown in 
Fig. 5. 

MODULATOR INPUT, V dc 

Fig. 5-Static transfer characteristic 
of car r ie r  section 

The dc amplifier, which was the final ele- 
ment in the electrometer and comprised transis- 
tors  Q7, Q8, Q9,  and Q10, provided the following 
functions: 

a. Supplementary gain for required loop 
tightness, 

b. Suitably wide output dynamic range, 
c . Demodulation ripple filtering, and 
d. Low output impedance. 

Consider the gain requirement. The dc gain 
between modulator and demodulator was desig- 
nated to be 35. The section following the demodu- 
lator must also provide a dc gain of 35 if the 
arbi t rary standard of tightness, the zero-frequency 
feedback factor, i s  to be about 1000. The filter 
capacitor, located across  the amplifier in this 
design, must reduce the ripple component at the 
output of the electrometer to within tolerable lim- 
i ts  for external measuring equipment but should 
not be made so  large a s  to produce a serious volt- 
age rate-limiting problem. Such a problem i s  
often caused by a combination of (1) limited 
dynamic range in the ca r r i e r  amplifier and (2)  
too large a filter capacitor. Sinqe this capacitance 
i s  an important t e rm  in one of the corner frequen- 
cies for the low-pass loop t r a n s m i s s i ~ n  charac- 
teristic,  i t  must also be scrutinized from the view- 
point of loop stability. 

A resistive T feedback network performs, 
a s  its principal function, the zero- signal level 
adjustment of the output, which must be above 
zero to accommodate the log diode characteristic.  
This amplifier possesses a dc gain of 37. 5 andan 
integrating time constant of 0.435 sec with a feed- 
back factor of about 30. 

The rate  limit of the electrometer i s  the 
slope of the integrated output of the filter-amplifier 
produced by the maximum signal available from 
the car r ie r  amplifier. Maximum values for posi- 
tive and negative demodulated voltages will be 
somewhat different because of asymmetrical 
current-handling capabilities in the output stage of 
the triplet amplifier on negative and positive 
swings. In the actual transfer characteristic as  
shown in Fig. 5, the maximum average positive 
demodulator voltage of 1 .  2 V establishes an ampli- 
fier charging rate  limit of 

It i s  interesting to note that when a signal This permits the amplifier to negotiate a negative 
suddenly appears at the output of the triplet ampli- 5-V step in 50 msec if no other factors a r e  involved. 
f ie r ,  only the signal component is transmitted at 
first .  The pedestal component, however, builds In most applications where the output of a 
up in accordance with the charging of the capaci- sensitive device suchas this electrometer must be 
tor. The effect on the car r ie r  envelope o r  on the protected against electrostatic coupl~ng of exter- 
average demodulated signal, in a low-pass sense. nal pQWer and signs1 transients, it is imperative 
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to furnish the amplifier with a suitably low output 
i m p e h c e .  Over-all electrometer feedback does 
not necessarily ensure wide-band protection, 
&cause at low input-current levels the dynamic 
Zeedhck resistance is high, and unity-gain cross- 
over for  the loop feedback factor occurs at low 
fsaquencies. The result i s  a total absence sf 
impedance degeneration above a few cycles per 
second. For this reason, local feedback in the 
filter-amplifier i s  required to provide low-output 
impedance independent of the over-all loop. The 
emitter-follower, Q10 for instance, may have an 
output impedance of 300 ohms, further degenera- 
ted by the local feedback to about 10 ohms. The 
elc impedance of 10 ohms is further reduced at  
frequencies where C producee increased local 
feedback. The static output impedance, a s  previ- 
ously suggested, is also enhanced by the dc feed- 
back factor of the entire loop, which reduces the 
filter-amplifier impedance by 1000 to a small 
fraction of an ohm. 

111. PERFORMANCE 

A. Offset Stability 

There a r e  three main contributions to drift 
a t  the electrometer input. These are  

1. Variation in dynamic capacitor contact 
potential, 

2. Variation in balance of the dc amplifier 
comparator, and 

3. Variation of the demodulator offset. 

Contact potential drift in the modulator 
appears directly at the electrometer input. 
Changes in modulator reference potentials a r e  
similarly reflected directly at the input. As a 
precaution against inverse-polarity leakage cur- 
rents. the modulator i s  referenced so that anom- 
inal negative potential appears at the summing 
point. Leakage produced by input resistance will 
therefore cause a small e r r o r  current, of the 
same polarity a s  poeitive-ion current, to flow in 
the feedback element. 

The comparator stage of the dc filter- 
amplifier is a relatively coarse device. The drift 
in the differential stage composed of Q7 and Q8 
ie characteristically about -50 mV between -20 
and +7O9C, yieldin an average temperature coef- 
ficient of -0.6 mVFC. If the gain of the carr ier  
section between the modulator and demodulator 
were assumed constant at 35 over this tempera- 
ture range, the drift at the summing point attri- 
butable to the dc amplifier instability would be 
1.4 mV. 

The demodulator transistor (Q5) is likewise 
coarse in performance. A 2N329A P N P  alloy 
transistor is used in the normal configuration for 
i ts  superior current gain, thereby forsaking the 
stability of the inverted connection. It i s  esti- 
mated that drifts in its saturation voltage attri- 
butable to temperature and alpha changes will not 
exceed 10 mV. The full-cycle average drift, 
5 mV, would correspondingly produce a 0.14-mV 
shift at the electrometer input. The combined 

demodulator-dc amplifier drift reflected to the 
electrometer input would therefore be small com- 
pared with the modulator contact potential drifts, 
which fall in the 5- to PO-mV range. 

B. Feedback Stability 

The electrometer transfer characteristic 
may be written 

where 

A = forward dc amplifier gain 

@ = portion of output returned to summing point 

Z - feedback impedance. f - 
The amplifier, a s  i s  implied in Eq. (3). i s  depen- 
dent upon the feedback factor Ap for such impor- 
tant characteristics a s  static accuracy, speed of 
response, and loop stability. Trying to satisfy 
conditions for  loop stability presents an unusual 
problem, in that Rf, one of the principal param- 
e ters  in the calculation of Ap, varies in excess of 
seven decades. 

Since the feedback resistance varies a s  an 
inverse function of the feedback current, the sec- 
ondary feedback, or  damping, must also be non- 
linear. No single condition of feedback willsatisfy 
requirements for both loop stability and speed of 
response at all  currents within the measurable 
range of the instrument. A nonlinear attenuator 
composed of R7, R8. R11, anri Zener diode CRl 
provides a two-point compensation characterized 
by zero damping at low currents, fixed damping 
at  high currents, and a transition corresponding 
to about one current decade. The use of CA in the 
dual role of damping element and carr ier-  
frequency coupling capacitor was suggested by an 
earl ier  commercial application. 

To correlate actual performance with pre- 
dicted behavior and to verify adequacy of phase 
margins, a set  of tests was performed on a lab- 
oratory electrometer using the experimental 
arrangement of Fig. 6. The signal generator was 
placed in the feedback loop so that the feedback 
would still stabilize the dc operating point and that 
output levels would be determined by the equiva- 
lent ser ies  generator voltage, i. e . ,  

where 

I? = feedback factor = A@. 

The open-loop amplitude and phase responses 
were obtained by taking oscilloscope pictures of 
the waveforms on both sides of the floating signal 
generator, which also supplied scope trigger 
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Fig. 6-Test setup for loop transmission 
measurements 

pulses. The dc bias current in the tube was deter- 
mined by resis tors  connected between a 1-V bat- 
tery and the electrometer input. This resulted in 
a 10% reduction in A. and in a small modification 
to the responses of F vs the frequency that would 
have been obtained with perfect current sources. 
A 50-pF capacitor with a leakage resistance 
greater than 1015 ohms simulated the capacitance 
between the collector and its electrostatic shield. 
An R-C filter at the scope input reduced the 60-HZ 
signals generated in the loop by the large floating 
generator; a s  a result, measurements above 20 HZ 
were somewhat unreliable. For bias currents 
greater than or equal to 10- 10 A, the secondary 
feedback waa removed by disconnectiag R10. Fig- 
ures 7 through 12 show gain and phase shift of the 
amplifier measured at frequencies from 0.0 1 to 
100 Hz for bias currents between 10'6and 10- 13 A. 

Fig. 7-Gain and phase curves with secondary 
feedback f n  (Ibias = l o m 6  A) 

The laboratory electrometer used for these 
tests contained several components whose values 
were different from the nominal flight-unitvalues 
or  had changed since those components were 
installed. Since there was some variance between 
measured responses and nominal curves, com- 
parison was then made between measured compo- 
nent values and values providing the best f i t  to the 
eqer imenta l  curves (see Table I). 

The beet-fit component values agree reason- 
ably well with+ke measured values except for CS, 
where the dispersion is not fully understood at 
this time. Most notable departures from expected 

Fig. &Gain and phase curves with secondary 
feedback in (Ibias = 1 0 ' ~  A) 

Fig. 9-Gain and phase curves with secondary 
feedback in (Ibias = 10- 10 A) 

Fig. 10-Gain and phase curves with secondary 
feedback in (Ibias = 10-11 A) 



IEEE TRANSACTIONS ON WU&EAR SCIENCE 

Fig. 11-Gain and phase curves with secondary 
feedback out (Ibias = 10-l2 A) 

FREQUENCY, Hz 

Fig. 12-Gain and phase curves with secondary 
feedback out (Ibias = 10-13 A) 

values were in  the cases  of the fil ter capacitor 
C11 and the dynamic capacitor r e s t  capacitance, 
Co. The filter capacitor, a bipolar tantalum unit, 
may have deteriorated with age. The dynamic 
capacitor, a non-flightworthy developmental 
model, had apparently acquired a reduced reed- 
to- anvil spacing. 

Of the six bias conditions for which curves 
have been drawn, minimum margin occurs with a 
bias current of 10-11 A (Fig. 10). In this curve, 
the rolloff ra te  a t  gain crossover (10 Hz) i s  about 
8 d ~ / o c t a v e  with a -144-deg phase shift, although 
the phase shift in this case does reach a pre- 
crossover maximum of -153 deg a t  6 Hz. Devia- 
tions in the capacitances Co and Cs reduced the 
corner frequency produced by one of the dominant 
poles from a nominal 22 Hz to l e s s  than half i ts 
standard value. This placed that corner frequency 
near  gain crossover,  thereby reducing margins 
in the laboratory instrument, though not to intol- 
erably small levels. The flight instruments w e r e  
generally adjusted for transition between secon- 
dary feedback states a t  about 5 x 10-l2 A. 

Table I. Component values 
-- - 

October 

C. Closed- Loop Performance 

When the electrometer i s  driven by a current 
source, i ts transfer impedance may be expressed 
in the following modified form of Eq. (3): 

If the loop transmission characteristic i s  approx- 
imated a t  gain crossover (fgc\ by a 6 d ~ / o c t a v e  
rolloff rate,  the transfer impedance i s  then given 
by 

where 
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Table 11. Dominant time constants and corner frequencies for nominal closed-loop response 

Table I I l i s t s  the time constants of Eq. (6) 
and their associated frequencies a s  a function of 
bias current, The gain-crossover frequency with 
secondary feedback (f' ) i s  also listed. 

g c 

lo-6 - a 0.0094 - 17 

lo-9 - a 0.014 3 70 - 11 

Families of closed-loop frequency responses 
a r e  shown in Figs. 13 and 14 for secondary feed- 
back in and out, respectively. Electrometer bias- 
ing was similar to that used in Fig, 10, and a 
signal current was inserted into the summing 
point by a funcrion generator connected in ser ies  
with a suitably large resis tor .  The only param- 
eter  significantly different from the ones used in 
the loop transmission tests  was the modulator 
r e s t  capacitance (CO), which was 59 pF for the 
dynamic capacitor used in this case. 

10-lo 

1 0 - l ~  

10- 

FREQUENCY, HZ 

Fig. 14- Closed-loop frequency response 
without secondary feedback 

a~econda ry  feedback connected at these currents; for applicable time constant, see  T' column. 
g'= 

b~econda ry  feedback customarily disconnected at these currents; values listed denote theoretical 
values that would be obtained if secondary feedback were connected. 

0.005 

0.05 

0 .5  

5 

FREQUENCY, Hz 

Fig. 13-Closed-loop frequency response 
with secondary feedback 

- a 

0.018 

0.018 

0.018 

Peaking that occurs a t  lower currents  in 
Fig. 13 i s  directly attributable to phase shifts 
associated with peaks in loop transmission char- 
acteristics that a r e  not sufficiently removed from 
gain crossover. The overshoots associated with 
transient response to these characteristics were 
not observed in flight instruments, since s,econd- 
dary feedback transition occurred at about 
5 x 1 0 - 1 2 ~ .  The peaks a r e  removable, however, 
by direct coupling of the secondary feedback. 
This i s  .considered a generally advisable procedure 
for this configuration providing that capacitor 
CA has a sufficiently large leakage resistance. 

0.053 

0.45 b 

4.5 b 

45b 

3 7 

3.7 

0.37 

0.037 

- 
9 

9 

9 

3.0 

0.35 

0.035 

0.0035 
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I (a) LOW-CURRENT MEASUREMENTS I WITHOUT SECONDARY FEEDBACK I 

TIME, sec 

TIME, sac 

Fig. 15-Closed-loop transient response 

Closed-loop transient responses (Fig. 15) 
were recorded by changing the sine-wave signal 
used in the previous closed-loop tests  to  a square 
wave. Care was taken to keep the signal amplitude 
down to swings of not more than a quarter of a 
decade from quiescent levels, les t  nonlinearities 
in the feedback tube mask. the t rue small-signal 
performance. 

of time, loop gain variations were within + 1. 6 and 
- 3 . 7  dB of the nominal 60 dB. Input e r ro r  signal 
potentials were, therefore, about +Z mV for the 
tabulated values at input currents of 10-6 A. As a 
result, if - 2  mV corrections a re  made to tabulated 
values of Vin, one has a thermal and ternporal 
history of modulator contact potential. 

The curves of Fig. 16 provide the basic 
temperature calibration for the electrometer sys- 
tem, but for final adjustment they must be normal- 
ized to the last preflight temperature calibration. 
The effective translational drift of calibrations 
between May 8 and August 5, 1962, was about 
8 mV. 

Fig. 16-Vacuum-temperature electrometer 
calibrations, May 8, 1962 

B. Flight Performance 
IV. THE h4ARINER I1 FLIGHT ELECTROMETER 

A. Preflight Calibrations 

The curves and tables presented here describe 
the preflight performance of the Mariner I1 
solar plasma instrument electrometer.  Par t  of 
the logging operation, which started after com- 
pleted construction of each unit, consisted of 
monitoring important instrument performance 
parameters and power supply levels in addition to 
the customary calibrations. Table I11 presents 
results of characteristic measurements taken in 
the 4- month period prior to launching. The mechan- 
ical resonance of the dynamic capacitor i s  mea- 
sured by the frequency of i ts feedback-driven oscil- 
lator. The importance of this measurement i s  
that large increases in frequency with time a r e  
indicative of leaks in the modulator vacuum seal, 
which suggests damping effects such a s  reduction 
in conversion efficiency and alteration in mechan- 
ical (2. Acceptance standards for frequency stabil- 
ity were based upon statistical data obtained from 
Ranger instrument modulators. During this period 

The Mariner 11 flight to Venus lasted 
approximately 109 days, during which time an 
over-all flight distance of about 180 million miles 
was traversed. At Venus encounter, the space- 
craft  communicated its scientific data to Earth 
over an interplanetary distance of 36 million miles. 

Radio signals from the Mariner spacecraft 
were heard for the last time by the J P L  Deep 
Space Instrumentation Facility station in Johan- 
nesburg, South Africa, at the conclusion of i ts 
acquisition period at 2:00 a. m. EST on January 3, 
1963. At that time the spacecraft was 53.9 million 
miles from the Earth and 5.6 million miles 
beyond Venus, and had traveled 223.7 million 
miles since launch on August 27. 1962. During 
the 129 days between launching and the final loss 
of radio contact with the spacecraft, the inter- 
planetary o r  cruise science instruments, of which 
the solar plasma instrument was one, operated 
for a total of 118.2 days, and data produced by 
these instruments were actually recorded by the 
tracking stations for approximately 104. 1 days. 
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Table III. Preflight electrometer performance 

"Arnbtt denotes nbie --- - 

Information on :..ilise s c  er;e experiments was 
recorded without interruption for one period of 
38.3 days and for three other periods of more 
than 9 days. 

The Mariner 11 solar p la~>>.a  instrument 
operated successfully throughout the entire flight. 
in both the cruise and planet encounter modes. 
The plasma experiment required 3.7 minutes to 
acquire a complete energy spectrum of the plasma 
and during the flight of Mariner 11, approximately 
40,000 such spectra were obtained. Perhaps the 
most interesting new information to a r i se  from 
the very large volume of data on interplanetary 
fields and particles is the demonstration that 
solar plasma flowing radially out from the Sun 
was detectable in every one of the 40,000 spectra 
obtained in the 4-month mission and i s  therefore 
presumably always present. 

A detailed analysis of engineering flight data 
pertinent to the solar plasma instrument and its 
electrometer i s  presented in Ref. 1. Scientific 
results may be found in Refs. 5, 6, and 7. 

V. DISCUSSION AND CONCLUSIONS 

The Mariner J l  Venus mission, with its 
successful utilization of a vibrating-reed elec- 
trometer to analyze solar plasma data, not only 
verified the existence of the solar wind, but also 

proved that such an electrometer could withstand 
a launch environment and the rigors of deep-space 
flight and could serve a s  a stable and reliable 
device for detecting and reporting space phenom- 
ena. 

Although improved versions of this type of 
electrometer a re  now available with stable 
resistive feedback, with smaller and more  stable 
modulators, and with higher gain, lower-noise 
transistors, the applicable fundamentals of design, 
analysis, and performance of car r ie r  electrom- 
eters  will not necessarily be new, for, a s  the 
authors have attempted todemonstrate, the a r t  i s  
an established one. 
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